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SUMMARY   
 
 
This thesis studies the generation of vortex rings by the impact of a drop onto a flat 
surface of a deep pool, for configurations where the drop and the pool are of different 
but miscible liquids. The focus is on impact conditions which produce two or more 
vortex rings.  
The vortex structures have been investigated for a wide range of liquid properties, 
as well as for a systematic variation of the difference in liquid properties between the 
drop and the pool. This includes changing the viscosity, density and surface tension of 
the two liquid masses.   
The primary vortex rings are generated by the well-known coalescence motions in 
the neck between the drop and pool liquids, during the initial contact between the drop 
and the pool, due to the rapid surface-tension driven motions. The vorticity is 
generated by liquid flowing from the drop past the highly curved free surface.  The 
growing crater size greatly stretches and subsequently compresses the primary vortex 
ring, in some cases causing azimuthal instabilities which weaken or break it up.  A 
secondary vortex ring is sometimes generated during the closing of the impact crater, 
by flow around a wave-crest traveling down towards the bottom of the crater.  This 
generation mechanism is observed for numerous impact conditions, but is quite 
sensitive to the exact shape-evolution of the crater. Gravity therefore plays a crucial 
role in the formation of the secondary vortex ring, as hydrostatic pressure controls the 
closing of the impact crater. 
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Viscosity and density gradients, between the drop and the pool liquids, appear to 
play only a minor role in the formation of the vortex structures described in this thesis.  
However, the increased viscosity of the drop stabilizes some of the intricate vortex 
structures, which are not stable in the impact of identical liquids.   
The curvature of the neck during the initial coalescence is determined by the impact 
velocity, the shape of the bottom surface of the drop and the strength of the surface 
tension.  Certain combinations of these factors could in principle generate vortex 
rings of very large strength.  We propose that the maximum strength of the primary 
vortex ring is limited by the entrainment of an air-tongue from the crater.  When the 
vortex ring increases in strength the Bernoulli pressure at its core reduces below the 
capillary pressure holding the crater surface, thus entraining air.  The entrainment of 
this tongue of air sometimes leads to a closing up of the crater near the surface to 
entrap a very large bubble, which quickly rises to the surface and pops. 
Numerous intriguing phenomena were observed for isolated impact conditions.  
The primary vortex ring can for example, in rare cases, be formed in two steps when 
the drop has a pointed bottom. Vortex rings can also be generated from the top of the   
drop inside the crater. Very small vortex rings can be generated when bubbles are 
pinched off at the bottom of the crater. This occurs when the final stage in the 
pinch-off produces jetting along the axis of symmetry.  The downwards moving jet 
passes through the bubble hitting the opposite side, thus producing a very small ring. 
This ring diffusing rapidly and is short lived.  In some cases a vortex ring of opposite 
sign is generated and propagates upwards. 
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NOMENCLATURE 
 
A          Atwood number 
Bo         Bond number 
D          Diameter of the drop 
f           Frequency of an oscillating drop 
Fr          Froude number of the drop 
g           Acceleration due to gravity 
H          Release height  
q          Tangential velocity along the curved surface   
R          Radius of the drop 
Rc         Depth of the crater 
Rcm        Maximum depth of the crater 
Re         Reynolds number of the drop 
ReR        Reynolds number of the vortex ring 
U          Drop impact velocity 
UR        Translation speed of the vortex ring 
We        Weber number of the drop  
 
Greek Symbols 
γ          Density ratio between the drop and pool liquid 
κ          Surface curvature 
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λ          Viscosity ratio between the drop and pool liquid 
dµ         Viscosity of the drop fluid 
dµ         Viscosity of the pool fluid 
dρ          Density of the drop fluid 
pρ          Density of the pool fluid  
dσ          Surface tension of the drop liquid 
pσ          Surface tension of the pool fluid 
τ           Oscillation period of the drop 
ω           Vorticity  
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The fluid dynamics of drop impacts onto solid and liquid surface is of importance 
in various engineering applications which include ink-jet printing, rapid spray cooling 
onto hot surfaces, spraying painting and coating. The entrainment of bubbles involved 
in drop impact on a superheated liquid surface can improve the nucleate boiling. Drop 
impact is also of interest in non-engineering fields. Rain drop impacts can induce 
vortices which enhance the transport of carbon dioxide through the oceanic surface, 
which is a key in understanding the global climate.  In agriculture, the study of rain 
drops can help to soil erosion. Finally, the study of patterns generated by impact in 
blood drops is important in reconstructing crime scenes.  Therefore, it has no doubt 
that investigations of drop impacts have been the topic of a great deal of research. 
  The phenomena caused by impinging drops are extremely diverse and complicated, 
as is clear from the comprehensive reviews by Rein (1993) and Yarin (2006).  
Generally, the outcome of the impact depends on impact velocities, drop size, the 
liquid properties of the drop and the pool such as its density, viscosity and surface 
tension. The properties of the impacted surface, and their angle also affect the 
outcome. In particular, the research of a single spherical drop impacting vertically on 
a fluid surface has attracted great attention over the past century ever since the 
                                                                  2 
seminal work of Worthington (1908). The impacted fluid surface can range in depth 
from thin films to deep pools, according to the ratio of the thickness of the fluid layer 
to the drop diameter. When the ratio is larger than 10, the fluid layer is regarded as a 
pool.  
  A fluid drop impacting on a deep pool of liquid is a subject of great interest. Many 
detailed experimental and numerical investigations on the characteristics of a drop 
impacting on a pool of the same liquid have been previously carried out. It was found 
that a drop can bounce, coalescence with the receiving surface or generate a splash 
[Rein 1993, Cossali et al. 2004]. Coalescence is often accompanied by a complex 
generation of vortex ring structure inside the pool, see Peck and Sigurdson (1994). 
Splashing can be manifested in various forms from droplets emerging from the 
Worthington jet to horizontal jetting or the break-up of droplets from the edges of the 
Edgerton crown. Although, the boundaries between the regimes have been roughly 
indicated, [Hsiao et al., 1988, Rein 1996] a detailed understanding of physical 
mechanism explaining all the observed phenomena is not available. Moreover, for 
simplicity, most researchers have dealt with water drops impacting on a water pool. 
Thus the research carried out herein on the impact of a drop onto a different but 
miscible liquid is an area which has not been systematically studied and will therefore 
complement previous studies. 
Before presenting our study, we will survey the work reported over the past century 
or more on a fluid drop impacting upon a pool of liquid.  
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1.1   Literature Review—General  
1.1.1  Experimental studies on a drop impacting onto a pool  
The impact of a drop with a liquid surface may result in three phenomena: 
bouncing, coalescence, and splashing. Bouncing occurs for very small droplets, thus 
it is often obtained with droplet streams, different from a single drop impact, and is 
not reviewed here. For the coalescence case, a small crater is formed immediately 
after the drop enters the pool with the impacted surface hardly disturbed. Soon a 
vortex ring is seen below the surface. In the case of splashing, the liquid surface is 
greatly disturbed. The formation of a liquid column that rises out of the centre of the 
crater formed after impact, referred to as a Worthington jet, is characteristic of 
splashing. 
 
1.1.1.1   Coalescence and vortex rings 
 A fluid drop contacting a pool of liquid often generates a vortex ring which 
travels downward from the free surface. This is easily demonstrated with a drop of 
milk which is made to touch the surface of a glass of water. Such rings were first 
reported by Rogers (1858) in a publication with the title of ‘on the formation of 
rotating rings of air and liquids under certain conditions of discharge’, which included 
the vortex rings generated by a drop contacting a stagnant pool.  
 Later a detailed experimental investigation on the formation of vortex rings by 
drop impact was carried out by Thomson and Newall (1885) using a variety of liquids 
with different physical properties. They found that a vortex ring was formed only 
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when the drop and pool liquid were miscible. They also related the penetration depth 
of vortex ring to the oscillation of the falling drop and hence to the geometry of the 
drop-surface at impact. They postulated that drop would be enclosed by a vortex sheet 
between the drop and pool fluids as the drop penetrated the water surface, similar to a 
solid. The developments of vortex rings observed by Thomson and Newall ( 1885) 
are shown in Fig. 1-1. 
Chapman and Critchlow (1967) examined the phase of oscillation of the drop at the 
impact moment more closely. Using a variety of liquids in the experiment, they 
related the drop fall height to ring penetration (Fig. 1-2) and drew a conclusion that 
the penetration length of a vortex ring was the greatest when the spherical drop was 
changing from prolate to oblate on impact. Fig.1-3 shows the oscillation of the drop 
during the falling. The drop oscillations in shape come from the change of internal 
velocities in the drop. As the drop changes from prolate through sphere to oblate, the 
velocities near the poles should direct inward and velocities near the equator should 
direct outward as shown in Fig.1-3 (c). This kind of oscillation just before the impact 
would flatten the drop, thus a good ring would not be generated according to 
Chapman and Critchlow (1967). A similar observation was also reported by Keedy 
(1967). Both of these studies believed that internal circulation within the drop 
accounted for the production of the rings.  
Later, however, analysis of the high-speed motion pictures of drop impact by 
Rodriguez and Mesler (1988) revealed that the shape of the crater caused by the drop 
impact exerts a crucial influence on the penetration depth of the vortex ring (Fig.1-4). 
                                                                  5 
They found that a most penetration vortex ring was accompanied by a narrow crater 
caused by the impact of a prolate-shaped drop while a least one caused by an 
oblate-shaped drop. More recently, Durst (1996) also experimentally studied the 
relationship between the phase of oscillation at impact and the vortex rings 
penetration length. His observations were in agreement with the findings of Chapman 
and Critchlow (1967), who observed vortex rings with maximum penetration length 
when the drop underwent from oblate to prolate shape on impact.  
Weber number is considered as an important nondimensional parameter used for 
characterizing the behaviour of drop impacts by many investigators. It is defined by 
Hsiao et al. (1988) as the root square of the ratio of two time scales: a time scale 
characteristic of surface tension effects,9, and a convection time  scale 2 / ID Uτ =  





IDUWe τ ρτ σ
 = =   
.                          1-1 
where ρ, σ and D are the density, surface tension and diameter of the falling drops 
respectively, and IU  is the drop impact velocity. Hsiao et al. (1988) found a critical 
value 8cWe ≈ . Above this critical value, no rings are produced and only a crater with 
Worthington jets. The existence of a critical Weber number seemed to imply that the 
surface tension was significant in the creation of vortex rings, and showed that vortex 
rings were produced at low velocity impact for fixed surface energy. Hsiao et al. 
identified that critical Weber number by combining their results of experiments using 
mercury drops with those of previous experiments using water drops.  
Earlier Okabe and Inoue (1961) had investigated the formation of vortex rings by 
flow through an orifice and by drops. They neglected the details mentioned above and 
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just investigated one fall height, but their often cited photographs were thought to be 
the first pictures to show an impacting water drop vortex structure in detail.  
More recently, Peck and Sigurdson (1994) analyzed this structure in even more 
detail and studied the instability of the ring as it penetrated into the pool after its 
generation. Their photographs (Fig.1-5) show a similarity in large-scale structure 
between a descending vortex ring and a mushroom cloud after an above-ground 
nuclear blast. They observed that, as the vortex ring travelled down through the pool, 
vortex filaments which extended from the central axis of the vortex ring formed a 
“stalk.” This stalk reached from the primary ring to another ring which had formed 
during the reversing of the free surface impact crater. As the primary ring convected 
downward, some vortex filaments experienced an azimuthal instability which grew 
until the filaments escaped the trapped orbits of the primary vortex ring and were 
‘shed’. They noted that the free surface boundary condition of zero viscous stress led 
to a jump in vorticity at a free surface. They also pointed out that the required 
conditions of tangential flow along a curved free surface existed during the 
coalescence process.  
Cresswell and Morton (1995) proposed a mechanism of vorticity generation in the 
case of low Weber number. They also sought to explain in details the absence of 
vorticity in cases involving supercritical Weber number (We>8) as will be elaborated 
on later.  
Measuring the velocity of the vortex rings resulted from water drops striking a 
water surface, Saylor and Grizzard (2003) investigated the effect of the surfactant 
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monolayer on those vortex rings. They found the vortex velocity displayed a 
maximum at intermediated surfactant concentration and presented a capillary wave 
damping mechanism to explain the results.  
To further simplify matters, the degenerate case (We=0) in which contact between 
the drop and pool occurs with zero impact velocity has also been examined.  
Anilkumar et al. (1991) derived a power law for the penetration length L of vortex 
rings. Assuming that the all surface energy of the drop was transformed into kinetic 
energy, they obtained L ~ D5/4. This power law correlated well with their 
experimental results. Shankar and Kumar (1995) observed the dynamical evolution of 
rings generated under zero velocity, and characterized the zero velocity case as a 
function of only two dimensionless parameters: the reciprocal of a Bond number and 
a global Reynolds number where the velocity scale was based on the surface energy. 
Following this, Dooley et al. (1997) focused on the formation of the ring and 
considered a scaling law stemming from the analyses of Hsiao et al. (1988), and 
Shankar and Kumar (1995). Dooley et al. (1997) stated that the scaling law would 
make the flow conditions be expressed by a single dimensionless parameter, which 
was possible if the condition that surface tension forces dominated over gravity and 
viscous stress in the formation of the ring was satisfied. For this type of infinitesimal 
impact velocity, Thoroddsen and Takehara (2000) discovered an interesting 
phenomenon that coalescence process did not take place instantaneously, but 
experienced a cascade where each step generated a smaller drop as shown in Fig.1-6 
up to six steps were observed.  
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1.1.1.2   Splashing characteristics  
One of the main features of the splashing during drop impacts is crown formation 
followed by the so-called Worthington jet which rises out of the middle of the crater. 
The jet then becomes unstable and droplets separate from its tip. Worthington (1908) 
was the first researcher to do extensive study of splashes and his book “A study of 
splashes” contains many fascinating photographs showing the different stages of 
splashing drops. Fig. 1-7 shows the different stages of a typical splash caused by a 
fluid drop impacting on a deep pool. Assuming the kinetic and surface energy of the 
impinging drop was equated to the potential energy of the crater at its maximum depth 
and the crater was hemisphere in shape, Engel (1966, 1967) could estimate the radius 
of the crater. 
Another feature that appears in the splashing case is the entrainment of a single gas 
bubble under certain conditions observed by Pumphrey and Walton (1988). The 
bubble was pinched off at the bottom of the crater during the collapse process. It is 
considered as a regular entrainment. In a Weber vs Froude number diagram, 
Pumphrey and Elmore (1990) gave the conditions under which a bubble was entrained. 
The sound emitting by this bubble was believed to be the main source of underwater 
noise of rain by Prosperetti and Oğuz (1993).   
Hallet and Christensen (1984) performing experiments with water found that the 
critical Weber number for the droplet to detach from the jet was around 9.2. They also 
stated that a crown appeared only when We > 13.4. In experiments conducted with 
water drops of constant radius, they observed that there was a small range of impact 
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velocities where the narrow jet height reached a pronounced maximum. Later Rein 
(1993) pointed out that the range of the impacted velocities resulting in narrow jets 
coincided with the regular bubble entrainment. More recently, thanks to the 
examinations of high-speed photographs of water drop impacts, Rein (1996) offered a 
qualitative classification of the different types of flow in the transitional regime 
between coalescence and splashing. The classification is shown in Fig.1-8.  
In fully developing splashing region, Fedorchenko and Wang (2004) studied the 
influence of viscosity on the resulting flow patterns using 70% glycererol-water 
solution for both drop and pool.  
 
1.1.2  Numerical studies of drop impacting onto a deep pool 
Besides the experimental observations, numerical studies of drop impact problem 
have also been carried out, starting with the seminal work of Harlow and Shannon 
(1967) who used a marker-and-cell (known as MAC) technique based on finite 
difference approximations of the Euler equations to calculate the dynamics of a splash 
event. In their computation, the fluid was considered as inviscid and they completely 
neglected the effect of surface tension. Thus, with an effective surface tension of zero, 
their Weber number was infinitely large. According to of Hsiao et al. one would not 
expect to see vortex rings in their numerical solutions. Actually their results did not 
show the existence of vorticity. Oğuz and Prosperetti (1989) carried out calculations 
by applying a boundary integral method (BIM) on drop impact, taking surface tension 
into account, as they had noted that the work by Harlow et al. had missed out “many 
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subtleties” due to the “incomplete treatment of surface tension.” However, their 
results also ignored the formation of vortex rings, as their BIM simulations were 
based on irrotational flow and therefore were incapable of producing vortex rings. 
Using the same method, Oğuz and Prosperetti (1990) simulated the process of the 
entrainment of a single bubble during drop impacts. Their results were in good 
agreement with the experimental results of Pumphrey and Walton (1988). Earlier, 
Oğuz and Prosperetti (1989) also proposed a mechanism based on the effect of 
surface tension that lead to the entrainment of many small bubbles after the impact.    
Morton et al. (2000) performed numerical simulations to study the flow regimes 
resulting from the impact of a water drop on a water pool. In their case, the drop 
diameter was 2.9 mm and the impact velocity ranged from 0.8 m/s to 2.5 m/s.  From 
the simulation results, they observed that multiple vortex rings were produced in a 
single drop impact and that a small vortex ring and Rayleigh jet can appear at the 
same time, which were not previously reported. Based on the results, they concluded 
how the vorticity, necessary to form the rings was produced and subsequently 
transported was important for the formation of the vortex rings. However, their 
computations suffer from insufficient spatial resolution. They also pointed out that the 
capillary wave resulting from the drop impact was a necessary condition for regular 
bubble entrainment at the bottom of the crater.  
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1.1.3  Vorticity generation mechanism of drop-induced vortex 
ring 
The phenomenon of vortex ring production by water drops impacting on a deep pool 
of liquid has been studied for more than one hundred years and most of the 
investigations have focused on the factors that will affect the existence and strength 
of these vortex rings. Factors, such as impact velocity, drop shape on impact, surface 
tension and viscosity have all been considered. However, a satisfactory explanation 
for the generation of vortex rings by drops has not been presented yet. Actually, only 
Thomson and Newall (1885), Chapman and Critchlow (1967), Peck and Sigurdson 
(1994), Cresswell and Morton(1995) and Dooley et al. (1997) have tried to explain 
the source of the vortex rings by a water drop striking a water surface. Thomson and 
Newall (1885) proposed that a vortex sheet must exist between the drop and the pool 
fluid, and suggested that the vortex sheet diffused and formed the vortex rings. This 
explanation may prove to be right if it is a solid sphere impacts on a liquid surface 
because the vorticity should be generated by a pressure gradient along a surface or a 
tangential acceleration of that boundary. However, this is not the case of 
homogeneous fluids.    
The second mechanism proposed by Chapman and Crithlow (1967) was that the 
tangential pressure gradient resulting from the surface tension along the boundary of 
the fluids caused the drop to be accelerated downward and generated the vorticity 
(Fig. 1-9). This explanation would make sense if the free surface acted like a rigid 
surface, which has no-slip boundary condition. But this is not the case. As Cresswell 
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and Morton (1995) pointed out that the lateral force produced by the tangential 
pressure gradient on a fluid element near the surface was proportional to the thickness 
of the fluid element, which tended to zero thickness surface element in Chapman and 
Crithlow’s case, thus the tangential forces tended to be zero, which meant that the 
acceleration of surface related to the drop fluid was impossible. The recent vorticity 
generation mechanism put forward by Peck and Sigurdson (1994) was based on the 
condition that the jump in vorticity across a boundary layer formed at a free surface is 
given by,  
                          2 qω κ∆ =                                1-2 
in case of a stationary free surface. This equation was rewritten from the equation 
provided by Batchelor (1967) for a kinetic condition for the jump in vorticity required 
across the boundary layer which forms at a free surface. Here κ  is the surface 
curvature and q is the fluid velocity tangential to the free surface. They also stated 
that a vortex sheet must exist between the drop and receiving fluid because of the 
discontinuity in the velocity potential of the two fluids prior to coalescence. Although 
Cresswell and Morton (1995) shared the same basis as Peck and Sigurdson (1994), 
they pointed out that “the assumption of discontinuity velocity potential put forward 
by Peck and Sigurdson (1994) was incorrect for two reasons. First, experimental 
observation showed that drops with high impact velocity did not produce vorticity. 
Second, any discontinuous line in the potential gradient would be perpendicular to the 
local velocity vector rather than parallel, which was necessary for the appearance of a 
vortex sheet”. 
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Cresswell and Morton (1995) suggested their own mechanism, which was 
restricted to low Weber numbers and was based on the condition of vanishing 
tangential stress at a free surface. Immediately after the impact, there was a cusp (like 
Fig.1-10) between the free surfaces of the drop and the receiving liquid. Here the 
surface forces are very large, thus accelerating the surface normally to itself. In this 
manner streamlines (Fig.1-11.) became curved and a finite rate of strains was 
generated in order to avoid tangential stresses at the free surface. The surface was 
accelerated parallel to itself so that the stresses are diminished and vorticity was 
produced. The model was finally shown to be consistent with experimental 
observations though the specific separation point could not be determined by their 
experimental setup, which occurs very rapidly. This is also shown in Fig.1-10 for two 
drops coalescence.  
Creswell and Morton also gave an explanation for the existence of a critical Weber 
number above which vortex rings were not produced. The critical value of 8 is in 
agreement with that found in the experiments of Hsiao et al. (1988). Their argument 
can be explained as follows with the help of Fig. 1-12: for the sub-critical Weber 
number case, the radial velocities caused by the rapid capillary-driven motion of the 
coalescing neck region are greater that the vertical velocity of the drop. For the 
supercritical Weber number case, the vertical velocity of the drop is much greater 
than the radial velocities, thus the free surfaces approach each other so quickly that 
the new contacts between the drop and pool are formed ahead of the neck. This will 
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stop the outwards motion of the neck, thereby stopping the vorticity production at the 
free surface. 
When it comes to the impact between miscible fluids, which is the subject of 
present study, this mechanism of vorticity generation was helpful in explaining the 
formation of the ring at an early stage of the impact but not adequate in explaining the 
various rings appearing at a later stage of the impact, as will be explained in later 
section.    
     Lastly, Dooley et al. (1997) qualitatively speculated on the source terms of 
vorticity flux through the free surface based on the experiment of a water drop 
contacting a free surface. But one of the figures they presented shows that the vortex 
was already formed inside the liquid, which casts doubt on their explanation. 
 
1.1.4  Vortex rings generated in miscible fluids 
Up till now, all of the work described above has been restricted to the case where 
the drop and pool are of the same liquid, and for simplicity, most cases were dealing 
with water dyed drops impacting on a pool of water. But what will happen when a 
fluid drop impacting on a pool with different physical properties from the drop? This 
subject has never been investigated thoroughly before. Actually, only very few 
related studies have been found so far. Kojima et al. (1984) studied the settling and 
break-up of miscible drops and the formation of rings at low Reynolds number both 
in numerical simulations and experiments. In their experiments, the fluids were 
prepared from mixtures of light corn syrup and water with different compositions. 
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The falling drop with higher viscosity and density compared with pool liquid was 
released just above the free surface. To explain a discrepancy between the experiment 
and the theory they worked out, they introduced a finite transient surface tension on 
the interface between the two miscible liquids. When a liquid drop fell inside a lighter 
miscible fluid, Arecchi et al. (1989) found that it either underwent a cascade of 
fragmentation or it mixed by diffusion, which of the two occurred depended on the 
value of a fragmentation number, which is the ratio of the diffusion time to the time 
required for the fluid to convectively mixed. Recently, Joseph and Renardy (1992), 
who studied the motion and mixing of two miscible fluids theoretically, pointed that 
stresses can be induced by gradients of concentration and density in slow diffusion of 
compressible miscible liquids. These stresses are called Korteweg stresses and can 
mimic surface tension. They proposed that these Korteweg stresses may be used in 
obtaining simulation results of the evolution of rising bubbles and falling drops of one 
miscible liquid in another, which agree with experimental observations. In those 
flows mentioned above, the Reynolds number is always small, thus the Stokes 
approximation can still be used, which means that the ring velocity can be calculated 
using a Stokes’s equation during the whole process, and this is quite different from 
the case of drop impact, in which the ring translation velocity could not be calculated 
directly from a certain theoretical equation. 
Vortex rings ejected from a vortex generator and interacting with a dense interface 
have also been studied. Chen and Chang (1972) investigated the evolution of a vortex 
ring with a density 1.5 times of the ambient fluid under gravity. By ejecting a smoke 
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ring into still air, they observed three distinct patterns, namely laminar, wavy and 
turbulent depending on Reynolds number. Experiments on vertically propagating 
vortex rings in a stratified fluid have also been reported by Linden (1973), who 
studied the interactions of vortex rings with a density discontinuity. Honji and 
Tatsuno (1976) and later Van Atta and Hopfinger (1989) reported observations of 
vortex rings propagating horizontally in a fluid with a density gradient. Dahm et al. 
(1989) experimentally and numerically studied the dynamical features of the 
interaction between a vortex and a density interface in which the liquid density 
increased from ρ1 to ρ2. The thickness of the interface, in their case, was much less 
than the diameter of vortex ring and the Boussinesq limit A≡(ρ2 -ρ1) /(ρ2 +ρ1) → 0 
was satisfied. Here A is simply the Atwood number, a dimensionless number used in 
density stratified flows. Boussinesq limit (A→0) means the variation of density is 
only important in the buoyancy terms, but insignificant in the inertial terms. Their 
results confirmed similarity arguments and suggested that the interaction was 
governed solely by two dimensionless parameters obtained from the vorticity 
equation. They neglected the effect of surface tension as the Weber number was 
sufficiently large and considered the fluids as inviscid.  
  
From the work described above, we know that though the study on drop 
impacting upon a deep pool has been investigated for more than one century, the 
mechanism for vortex ring generation at the free surface is still not fully understood. 
In addition, the drop impact between fluids with different properties, which is 
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1.2  Research Objectives and Thesis Overview 
For the present work, an experimental set-up was designed to study a liquid drop 
impacting on a pool of different liquid. Detailed experiments on the dynamics of drop 
impact were carried out. The main purposes of the present investigation were as 
follow: 
(a) To study the various phenomena under different impacting condition and figure 
out the parameters that govern those phenomena. 
 
(b) To figure out what parameter is more important in the formation and evolution of 
vortex rings induced by the drop impact. Here, the effect of density, viscosity and 
surface tension would be examined separately.   
 
(c) To find out the source of the vorticity existing in the vortex rings that happened 
only at certain impacting conditions and to understand the mechanism of the 
vorticity production at the free surface. 
 
         
In (a) experiments will be carried out by changing different impacting conditions, 
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for example, drop diameter, impact velocity, density difference, viscosity difference 
and surface tension difference between the two miscible fluids. This is quite different 
from previous studies in which only one parameter, Weber number, is involved. A 
classification of the phenomena characteristic of the flow regimes will be given. Here, 
particular attention would be focused on the three-dimensional vortex structure.  
In (b), the focus will be on how the liquid properties affect the formation and 
evolution of the vortex ring structure. This is achieved by changing the density 
difference, viscosity difference and surface tension between the drop and pool liquids.  
Only one parameter will be changed each time.   
In (c), a possible mechanism will be provided to explain the vorticity production 
that accounts for the appearance of various vortex rings observed in (a). 
The thesis is organized such that after the present (introduction) chapter, the 
experimental apparatus and technique will be described in Chapter 2. The study on the 
parameter space of phenomena of the drop impact will be presented in Chapter 3. 
Chapter 4 will deal with the mechanism of the vorticity production at the free surface. 
Some isolated phenomena in the experiments will be described in Chapter 5. The 
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CHAPTER 2  
 Experimental Apparatus and Techniques  
 
 
2.1 Experimental Set-up 
Fig 2-1 shows the sketch of the experimental set-up. The system basically consists 
of three parts: a nozzle from which the pendent liquid drop detaches, a liquid pool at 
rest into which the drop falls and cameras to study the phenomena of the impact.   
  
2.1.1  Drop forming and impacting system 
Experiments were conducted with different drop diameters ranging from 2.67 mm 
to 5.05 mm. The 5.0 mm drops were formed at the end of a vertical plastic nozzle 
with an interior diameter of 4.5 mm at the tip. The inner diameter of the nozzle is here 
the relevant dimension, as the material of the tip was hydrophobic and repelled the 
liquid, pinning it to the inner diameter. For other smaller drops, they were formed on 
the end of stainless-steel needles of different sizes that were mounted vertically. The 
open end of the needle was highly polished to make it flat and horizontal. A reservoir 
was used to provide fluid to the needle through a soft plastic Tagon tubing with two 
gate valves along the line. The reservoir was supported by a clamp firmly connected 
to a sturdy retort stand. The flow into the drop was adjusted to be slow by the bottom 
valve so that the balance between gravity and surface tension controlled the drop 
release. The growth of the drop was monitored by eyes. When it had reached a certain 
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size, which was found to be suitable for the drop to detach from the needle, the supply 
of the fluid was stopped by switching off the upper on/off gate valve. The residual 
elastic stress in the plastic tube between the valves will continue the flow at a very 
slow rate. This gave about 30 seconds before the pendant drop fell away from the 
needle. The drops were therefore effectively released from stationary state with 
minimal internal motions. Such motions can affect the finer details of the impact and 
have therefore been avoided to improve repeatability of the results.  The drop release 
height was changed by adjusting a long lead-screw to raise or lower a plate which 
supports the bottom valve and nozzle from which the drop is released.  
  The pool of liquid was contained in a Perspex tank of square cross section (10×10 
cm) and a depth 15 cm with an open top. The walls of the tank were separated by a 
distance large enough to avoid any interference on the impact phenomena by the walls. 
A smaller tank may also serve this purpose, but the present tank was chosen to reduce 
the buildup of fluorescein dye (The use of this substance will be elaborated later.) 
from the drops, saving the time for emptying and refilling the tank. The time between 
each drop release was at least 3 minutes to ensure that any motions produced by the 
previous drop in the tank had disappeared and allow the drop liquid to sink to the 
bottom as the drop liquid is in most cases heavier than pool liquid. The contamination 
of the pool liquid is of concern, as it will change the experimental conditions over 
time. However, by using the larger tank this was found to take place very slowly, over 
the impact of numerous drops. This was verified by comparing the impact structures 
for numerous drops impacting onto the same pool liquid, which showed identical 
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vortex structures. Keep in mind that this is more of a concern for the acquisition of a 
sequence of still images, where one drop is required for each image, as compared to 
the sequences obtained from the high-speed video camera, where one drop impact 
produces the whole series 
The tank and the drop-generation assembly were mounted on a sturdy table to 
reduce, as much as possible, the amplitude of any waves on the test pool or oscillation 
of the pedant drop, which could affect its detachment from the nozzle, thus changing 
the impact conditions. 
 
2.1.2  Still images  
The impact phenomena were recorded, in separate set of experiments, using a 
digital still camera and high speed video camera. Here we will first introduce the 
optical setup by using a digital still camera. The reason for using a digital camera is to 
obtain high resolution images of the impact phenomenon. Before the drop hits the 
surface, it interrupts a laser beam sensed by a photodiode connected to a home made 
trigger box (see Fig. 2-1), which begins a counter to trigger the flash at a 
predetermined delay time. We used a simple 5 mW laser pointer to generate the laser 
beam. The homemade trigger box senses the continuous signals from the photodiode, 
producing a TTL signal when the beam is blocked by the falling drop and the sensor 
signal crosses below a certain threshold. The circuit keeps the signal high for a 
specified amount of time to avoid generation of spurious flashes. The circuit diagram 
of the trigger box is shown in Fig. 2-2. The pulse signal sensed by the photodiode is 
                                                                  22 
weak and needs to be amplified before it is used for the triggering process, so the 
amplifier (LM6361N) is used for this purpose.  The amplified pulse signal then 
passes through two Hex inverting gates, which perform the logic INVERT function,  
and finally reaches the monostable multi-vibrator (chip 74121) for creating a TTL 
trigger signal. The choices of the chips and the connections among the chips are based 
on the requirement that a trigger pulse will be generated only when the laser beam is 
interrupted. The initial trigger signal from output terminal of 74121 (which the 
number “6” stands for in 74121) is sent to a time delay box, which triggers the flash 
after a predetermined time interval. The time delay box was made by Berkeley 
Nucleonics Corp (Model 500B) can generate time delay periods ranging from 100 µs 
to 100 s for the four separate trigger output channels. Figure 2-3 shows a photograph 
of the triggering control system.  
The time taken for the drop to make the initial contact with the pool surface was 
determined by trial and error, the delay time for each impact could be set to generate a 
sequence of still images which show the vortex structure obtained for a particular 
impact condition.  This could then be repeated over a range of different impact 
conditions.  There exist some inherent electronic delays in the trigger system’s 
circuitry, which is minimal and should be approximately constant from one realization 
to the next. However, slight errors are introduced in the timing of each image, due to 
the mechanical component of the triggering, i.e. when the drop cuts the laser beam. 
One source of this error is the laser-pointer photodiode setup.  This arises due to the 
finite thickness of the laser beam and its fluctuations and the size of the sensing 
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element in the photodiode. In combination, these two factors give some uncertainty, in 
exactly when the intensity of the signal from the photodiode drops below the critical 
threshold. A second more critical factor is the horizontal location of the drop when it 
blocks the laser beam.  Slight sideways motions of the drop are produced by slight 
air-flow in the room, from the air-conditioning, as well as convective motions driven 
by the strong lights needed for the high-speed video imaging.  The drop itself can 
also shed vortices, during its fall, which produce slight sideways motions of the drop. 
The laser beam will therefore not always be interrupted by exactly the same location 
on the bottom of the drop, leading to slight differences in the time from the TTL 
signal from the trigger, until the drop makes the first contact with the pool liquid. 
Thus errors occur when the delay time is used to determine the time of the image after 
the initial contact between the drop and the pool. This uncertainty was found 
experimentally to be as large as 500 µs and is insignificant in the later stages of the 
impact. But during the first 10 ms, the geometry of the impact area undergoes a 
dramatic and rapid change. This error must be taken into account when comparing 
photographs taken at similar early stage. It should be mentioned that this error can be 
corrected for if one has two images of the same drop, as can be obtained with Particle 
Image Velocity (PIV) cameras (see Thoroddsen 2002 for a detailed description of this 
method), but such a camera was not available for this work. 
The impact was illuminated by a short-duration Xenon flash lamp whose duration 
is of the order of 3~4 sµ as specified by the manufacturer (Nissin Electronics, Japan). 
The camera was a digital Nikon D100 with a 6 Mega-pixel color 
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charged-coupled-device (CCD) sensor.  The camera obtains the color information 
using a color mask on the sensor.  The color information is useful when we use 
fluorescent dye in the imaging, as will be explained later.  Most of the imaging was 
taken with a 60 mm Micro Nikon lens. The camera shutter was manually kept open in 
bulb mode during the impact, which took place in a darkened room. The camera 
aperture was set to f =16 with the ISO number set to 400 to produce a larger depth of 
field. Photographic data were obtained from three angles, one above the water surface, 
one approximately horizontally below the free surface and finally vertically from the 
bottom, as sketched in Fig. 2-4 to provide a better understanding of the complex 
topology of the impact phenomena.  Majority of the photographs were taken from 
the second orientation. 
 
2.1.3  High speed video camera imaging 
    The phenomena were also recorded by a high speed video camera. The camera 
was a Fastcam Apx-c high speed camera from Photron Inc. Corp. It can record 
full-frames at resolution of 1024 ×1024 pixels up to 2000 frames per second (fps). 
The speed increases at a reduced spatial resolution up to a phenomenal 120,000 fps. In 
the experiment, we normally used the frame rate 3000 fps and 6000 fps with the 
resolution of 512 ×1024 to 512 ×512 pixels, respectively. The reason we usually 
didn’t apply higher frame rates is that when the frame rates is higher than 8000 fps, 
the view field becomes so small that the drop extends out of the frame, which makes 
the observation of the whole impact process difficult. But in some cases higher frame 
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rate was used for better understanding of the evolution of isolated structure. For frame 
rate lower than 8000 fps, the recording duration is about 4 seconds. These video clips 
can subsequently be played back at a selected speed and stored into an AVI file for 
later use. Each frame of the original sequence is numbered thus avoiding any 
ambiguity in timing.  
The trigger system we mentioned in previous section could also be used here to 
trigger the camera. However, as the camera can record up to 4 seconds, we just 
triggered manually for convenience. After the event, when the video is played back, 
only the relevant sections of the clip were then stored to the disk. All the same typical 
video clip was of the order of 100 MB in size.  
Backlighting was used for recording the images. A (550-watt) hydragyrum mellium 
lamp shone on a thin sheet of tracing paper to form a silhouette of the phenomenon. 
Most of the impact processes were observed by using the 60 mm micro Nikon lens. A 
200 mm micro Nikon lens was also used to observe the finer details of certain process. 
We had tried to record the process from three angles but finally found it impossible to 
obtain good images with the lighting and optical equipment available. So we just 
captured the impact process from two angles: top view and side views.  
 
 
2.2  Liquid Properties 
Liquids used in the study were selected to create a matrix to compare combinations 
of viscosities and density ratio between the drop liquid and pool liquid at low and 
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high surface tension.  
Experiments were then carried out for different drop/pool liquid combinations. The 
liquids used for forming the drop were primarily solutions of glycerin and water at 
different concentrations (hereinafter referred to as gl sol), as well as solutions of 
magnesium sulfate (MgSO4) and water. In most cases, the pool contains distilled 
water, solutions of MgSO4. These systems provided a wide range of viscosities and 
densities while retaining fairly high values of surface tension in the pool liquid.  
Moreover, experiments were also carried out for combinations in which the surface 
tension of the pool liquid is lower than that for the drop liquid. The surface tension in 
the pool liquid can be varied in many ways, like by mixing a new liquid with much 
smaller surface tension, by the addition of a surfactant, or by varying the temperature. 
In the present experiments, the first two methods were used.  First we uses solutions 
of ethanol and water (hereinafter referred to as ethanol solution) whose concentrations 
of ethanol ranged from 10% to 99% resulting in a range of surface tension from 22.1 
dyn/cm to 50 dyn/cm. The second method was to add a surfactant to the water to 
create a monolayer at the surface. A soluble surfactant Triton X-100 was used in those 
experiments. Only two concentrations, of 0.5 mg/L and 2.0 mg/L, were investigated.  
As both concentrations of Triton X-100 are small, its effect on the viscosity and 
density of the distilled water, in the bulk of the pool liquid, is considered negligible.  
As one might expect, the vortex rings structure is found to depend strongly upon fluid 
properties and the description of these changes is the main topic of this thesis. 
In the experiments, fluorescein dye was always added into the drop fluid for the 
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visualization purposes. For this purpose we first dissolved 200 mg of Fluorescein dye 
in 1000 ml of distilled water and this mixture was subsequently used to mix with 
other liquids, glycerin etc. to form the dyed drop fluids. The addition of the 
Fluorescein to the drops brought about an increase in the density and the viscosity of 
the drops but by a very small amount. We randomly tested several solutions of 
glycerin and water, covering low and high concentrations with or without fluorescein, 
and found that the maximum density difference is about 2×10-4 g/cm-3  and the 
viscosity difference is only about 0.02 centipoise (cP).  We conclude that the small 
difference in these properties will have negligible effects in the experiments discussed 
herein.  The surface tension of the dyed fluid and clear fluid was also measured 
using the ring tensiometer, where a small ring is immersed and pulled out of the free 
surface, measuring the force needed to pull it out.  The variation was less than 1% 
for all cases studied, which is insignificant here.  The distilled water used was 
acquired from SG Ultra Pure water system. The properties of the ethanol-water 
solutions were gathered through the CRC Handbook of Chemistry and Physics (Weast 
1973). The properties of water, glycerin-water and MgSO4-water solutions were 
measured using Hake Rheostress Rs 75 viscometer (LMT Technologies) and ring 
technique. Table 2-1 summarizes the relevant properties of the liquids at 230, the 
ambient temperature used in the study, as well as the gl sol % and ethanol 
concentration.  The glycerin and ethanol mixtures were in all cases measured by 
volume, whereas the MgSO4-water was measured by mass.  Table 2-2 shows the 
different combinations of drop and pool liquid performed in the experiments.  Here 
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we define /d pγ ρ ρ= , /d pλ µ µ= , where the subscripts d and p represent drop and 
pool liquid respectively.  
 




Surface tension σ 
(dynes/cm) 
Distilled water 0.996 1.004 72.1 
10% gl sol      1.026 1.71 71 
20% gl sol 1.052 2.59 70.6 
30% gl sol 1.078 3.68 69.3 
40% gl sol 1.107 5.05 68.8 
50% gl sol 1.137 7.55 68.3 
55% gl sol 1.146 12.1 68.0 
61% gl sol 1.156 16.2 67.8 
70% gl sol  1.183 25.4 67.3 
80% gl sol 1.209 52.9 66.2 
95% gl sol 1.248 403 65 
26% MgSO4 1.296 5.62 73 
13.1%Mg SO4 1.135 2.17 72.5 
12.4% Mg SO4 1.13 2.13 72.1 
10.5%Mg SO4 1.105 1.96 66.5 
6% Mg SO4 1.062 1.3 70.5 
10% ethanol 0.975 1.2 50 
20% ethanol 0.955 1.38 42.1 
50% ethanol 0.893 2.33 29 
80% ethanol 0.838 1.92 25.6 
99.8% ethanol 0.79 1.1 22 
0.5 mg/L Triton X-100 
DI water 
0.996 1.004 59.3 
2 mg/L Triton X-100 
in DI water  
0.996 1.004 45.7 
Table 2-1:  Physical properties of the fluids used in the experiments: 10% gl sol 
stands for 10% glycerin in 90% distilled water by volume. Similarly, 6% MgSO4 = 










Drop  Pool 




  λ 
(µd/µp) 
10% gl sol DI water 0.03 1.03 1.7 
20% gl sol DI water 0.056 1.06 2.57 
30% gl sol DI water 0.082 1.08 3.66 
40% gl sol DI water 0.111 1.11 5.02 
50% gl sol DI water 0.141 1.14 7.52 
55% gl sol DI water 0.15 1.15 12.05 
61% gl sol DI water 0.16 1.16 16.13 
70% gl sol DI water 0.187 1.19 25.27 
80% gl sol DI water 0.213 1.21 52.64 
95% gl sol DI water 0.252 1.25 401 
6% MgSO4 DI water 0.066 1.07 1.29 
10.5%Mg SO4 DI water 0.109 1.11 1.95 
13.1%MgSO4 DI water 0.14 1.14 2.16 
26% Mg SO4 DI water 0.3 1.3 5.59 
50% gl sol 12.4%MgSO4 0.007 1.006 3.54 
40% gl sol 10.5%MgSO4 0.002 1.002 2.58 
50% gl sol 10% ethanol 0.162 1.17 6.29 
50% gl sol 20% ethanol 0.181 1.19 4.87 
50% gl sol 50% ethanol 0.24 1.27 3.24 
50% gl sol 80% ethanol 0.299 1.35 3.93 
50% gl sol 99.8% ethanol 0.347 1.43 6.86 
40% gl sol 20% ethanol 0.03 1.03 3.66 
50% gl sol 0.5 mg/L Triton 
x-100 
0.141 1.14 7.52 
50% gl sol 2 mg/L Triton x-100 0.141 1.14 7.52 
Table 2-2: The different combinations performed in the experiments. The density 
difference denotes: ∆ρ = ρd -ρp. 
 
 
2.3  Experimental Procedure   
    The experiments were conducted for a range of impact conditions. Different sized 
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needles were used to form different size drops. A wide variety of liquids with many 
different physical properties were used both for drop and pool as mentioned above. 
The impact velocity was varied by adjusting the falling height. The range of impact 
velocity covered in the experiments was U=0.4 to 1.8 m/s. Three to four runs were 
performed for each condition to ensure that the phenomenon is repeatable. All the 
experiments were performed at ambient temperature which was around 230C. It was 
found that surface contamination would reduce the surface tension over the course of 
an hour therefore the runs were taken quickly and only freshly prepared solutions 
were used. Great care must be taken when adding the Triton X-100 to the pool liquid. 
The Perspex tank was cleaned and filled with distilled water first. As the surfactant 
can accumulate on the surface of bubbles, the Triton X-100 was slowly injected to the 
water surface by using a syringe to prevent any splashing and bubble formation. The 
solution in the tank then was stirred gently by a clean glass rod. After the Triton 
X-100 was dissolved, the surface was then swiped to remove any contaminating 
surfactant accumulating during the mixing. The surface was covered and left 
undisturbed overnight for about 10 hours before the experiments were run to allow for 
reaching a relatively stable surface tension. The fully stable surface tension is difficult 
to reach as we found that the surface tension still varied even after 9 hours. We chose 
to perform the experiments after 10 hours because the longer period may cause 
problems like contamination by airborne dust and evaporation.  
The lamp used in taking video images produced much heat during the illumination 
which may increase the temperature in the impact area which may change the 
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properties of the liquids, especially the viscosity. To avoid any change in the 
temperature, we used a wooden plank to block the light before it shone directly onto 
the thin tracing paper during the impact process, which only lasted about 3-4 seconds. 
In this way, we found the temperature in the test field remained the same as ambient 
temperature, thus the properties of the drop and pool liquid were not changed. We can 
however, not rule out the presence of small thermocapillary-driven motions, 
generated during this short light exposure, for example when the light shines on the 
pendent drop before it is released from the nozzle. On the other hand, we do not 
expect this to have significant effects, as is evident from the observed axisymmetry of 
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CHAPTER 3   
Drop-induced Vortex Ring Patterns in Miscible Fluids 
 
   
This chapter is divided into two parts. The first part shows the characteristic of 
vortex rings patterns formed by a liquid drop, the mixture of glycerine and water, 
impacting on a water pool. The concentration of the glycerine is 50% by volume and 
the drop size ranged from 2.67 mm to 5.01 mm in diameter. The experimental results 
obtained here will be used for subsequent discussion of the generation of the vorticity 
in Chapter 4. The second part is aimed at investigating the effect of differential in the 
viscosity, density and surface tension on the structure of the vortex rings by changing 
the ratio of the viscosity, density and surface tension between the drop and pool 
liquid.  
 
3.1  Dimensional Analysis  
The prototypical problem being considered is shown in Fig. 3-1. A liquid drop with 
diameter D and with velocity U impacts on a deep pool of liquid, in which the density 
and viscosity of the drop is higher than that of pool liquid. It is evident that there are 
four important forces at work: gravity g, surface tension σ, inertia and viscosity µ. 
When we count both the liquid in the drop and pool we get 9 dimensional quantities: g, 
σd, σp, ρd, ρp, µd, µp, D, U, where the subscript d and p represent drop liquid and pool 
liquid respectively. Using Buckinghams Pi Theorem, five dimensionless parameters: 
can be defined: the density ratio γ = ρd/ρp, the viscosity ratio λ = µd/µp, Weber number 
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. The 
subscript d and p represent drop liquid and pool liquid respectively. U is the impact 
velocity for the drop  and g is the acceleration of gravity. These parameters guide the 
reduction of present results with different drop diameters and velocities. For instance, 
the drop diameter and velocity may be independently varied to achieve the same We 
number while altering the Re number and vice versa. With these three parameters plus 
the variation of viscosity, density and surface tension, we can make a limited but 
direct non-dimensional value comparison for different fluids. For the vortex ring 
formed inside the pool liquid, the Reynolds number is defined as 
follows: RR
U Re = R
p
D
ν , where RD  is the diameter of the vortex ring formed in the pool 
liquid and RU  is its downward translational velocity inside the pool.  
The effects of molecular diffusion have not been estimated in detail, as the time 









     , where cD  is the molecular diffusion coefficient 
between the two fluids, which has the magnitude of about 
10 210 /m s−  (Ternström et 
al., 1996) measured for the glycerin/water mixture diffusing into pure water.  The 
exact value changes with the concentration of glycerin, reducing from 
-106.6 10  m/s×  for 30% glycerin by volume to -102.6 10  m/s×  for 70% glycerin, 
which encompasses most of the cases in our experiments. The shortest diffusion time 
scale, from the above equation, is around 1000 s, which is 104 times longer than time 
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scale considered in current research. This can also be characterized by the Schmidt 






ρ= ∼                
which shows clearly that the momentum and vorticity diffuses orders of magnitude 
faster than the glycerin from the drop liquid diffuses into the pool liquid.  Therefore, 




3.2  The Impact Velocity 
The impact velocity was varied by changing the release height H, which is the 
distance from the nozzle to the pool surface. This velocity can be measured in various 
ways. Here we introduced two methods and then made a comparison of the results 
obtained from these two methods. The first one was to calculate the velocity directly 
from the last few high-speed camera frames before the drop impacts on the surface 
using the center differencing technique. The second method was to calculate from the 
equation below for the fallspeed of raindrops given by Pumphrey (1989)  
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                          3-1 
where Tυ  is the terminal velocity which was calculated from the drop diameter from 
a polynomial fit ( Dingle and Lee, 1972). z is the falling height obtained by 
subtracting a drop size from the measured releasing height between the nozzle to the 
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surface H. The above equation is calculated by assuming a constant drag coefficient, 
i.e. the drag force on the drop is proportional to the square of the velocity. The 
assumption may be approximately valid, but the impact velocity calculated from both 
ways shows good agreement. Take, for example the cases for two different drop sizes. 
Figs. 3-2 and 3-3 shows the impact velocity calculated in both ways for drops 
consisted of three types of glycerin solutions and 13.1% MgSO4 solution for D=3.45 
mm and D=5.01 mm respectively. It can be seen that the value calculated from direct 
measurement is less than that by equation for both sizes. This result is expected since 
a spherical drop as assumed in the equation method will fall faster than a real drop 
which undergoes oscillation during the fall. Since the biggest difference is less than 
10%, in some cases when the measured impact velocity is not available, the one 
calculated by equation could be used for estimation. The measured impact velocity is 
used in this thesis. 
 
 
3.3  Results and Discussions 
Experiments were carried out at a variety of impact conditions for different 
combinations of drop and pool liquids. The drop diameter ranges from 2.67 mm to 
5.01 mm and the impact velocity from 0.3 m/s to 1.8 m/s. The viscosity ratio ranged 
between 1.29 and 401 and the density ratio between 1.006 and 1.43. The surface 
tension of the pool liquid was also varied by using solutions of ethanol whose lowest 
surface tension is about three times lower than that of water and adding surfactant 
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triton X-100. Careful examinations of results show that the observed vortex structures 
can be put into three different categories, which appear for different impact 
conditions for all drop sizes. Figures 3-4 to 3-6 show the typical examples of these 
different structures generated by different drop sizes. It is found that these vortex 
patterns exist for a range of combinations of drop and pool liquid except for the case 
of a very viscous drop impacting on the water pool. The strongest vortex structures 
were observed for combinations in which the viscosity and density ratio between drop 
and pool liquid is intermediate and when the pool and drop liquids are of high surface 
tension. The three distinct vortex patterns produced by drops consisted of 50% or 
40% glycerine solution impacting on a water pool will be reported in the following 
section. The effect of the viscosity ratio, density ration and surface tension on the 
impact will be discussed in a later section. It has to be noted that for every impact 
condition 3-4 runs were performed to ensure that the phenomena were reproducible.  
 
3.3.1 Vortex pattern 1 
   This pattern consists of only one primary ring, in what follows the “ primary ring” 
always refers to the vortex ring formed during the initial contact of the drop with the 
pool liquid. Secondary rings are formed by the subsequent evolution of the crater as 
explained in later sections. Vortex pattern 1usually occurs at Weber number below 7, 
which is an approximate number as the actual value varies slightly for different drop 
sizes, but is about this value for most cases. In general, the bigger the drop size, the 
lower the Weber number becomes where this pattern occurs. For small-sized drops 
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like 2.67 mm, the value is around 9. Fig. 3-7A shows a sequence of high-speed 
motion pictures of a 4.3 mm drop with 50% gl sol impacting on the water pool 
resulting in the formation of a single vortex ring. Fig. 3-7B is the still pictures with 
better image quality for a 5 mm drop with the same concentration.  From Fig. 3-7B, 
it is easily seen that the vortex ring is rolled up inside the drop fluid, which has been 
seeded with fluorescein. The small air bubble (approximately 100 µm in diameter) 
pointed by the arrow in the first frame (Fig. 3-7B) forms at a time less than 1 ms after 
the first contact. This bubble is believed to be formed from a thin sheet of air trapped 
between the drop and the surface due to the action of surface tension. The formation 
of the similar size bubble appears in all impact conditions in the present experiments. 
However, Thoroddsen et al. (2003), who studied the entrapment of an air sheet under 
an impacting drop using ultra-high-speed camera, found that more often two bubbles 
should be observed after the impact regardless of the We number as the initial one 
splits into two bubbles: one is at the bottom of the drop fluid (like the one shown in 
Fig. 3-7A and Fig. 3-7B) and the other inside the drop fluid. This could be true, as we 
did observe that one bubble split into two bubbles within 0.3 ms after the initial 
contact for some cases when we accidentally focused more on the initial contact area. 
The diameters for the bubbles we observed were 80 mµ  , 120 mµ  respectively. For 
the smaller bubble, it was not easy to be observed in most of our videos as the focus 
was on the vortex ring structure. Another reason we did not see two bubbles in most 
of experiments could be that our liquids were more viscous than those studied by 
Thoroddsen et al (2003).  The viscous forces slow down the contraction of the air 
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disc and prevent it from overshooting to become a vertical cylinder, thus generating 
one bubble, not two.      
Frame 1 of Fig. 3-7A shows the drop has completely entered the pool as evident by 
the appearance of the crater. Drop fluid is symmetrically distributed around the crater. 
The vorticity, which is seen aligning along azimuths of the impact crater, has begun 
to roll up at the circumference of the drop fluid. The crater continues to grow until it 
reaches a hemispherical shape (frame 3). Then the parts of the crater start to rebound 
forming a conical shape (frame 4 of Fig. 3-7A), which is consistent with the 
simulation results by Morton et al. (2000) and observations of Rein (1996) for the 
water drop impact within the coalescence regime. The crater then recedes without 
entraining a bubble or forming a thin jet. As for the vorticity roll-up process, it 
continues until 23 ms (Frame 5 of Fig.3-7A) after impact, when a clear ring (hereafter 
called primary ring) is seen just below the bottom of the crater. This also marks the 
separation of the ring and the start of the reversing crater. As the ring leaves the free 
surface, the ring undergoes a decrease in diameter until it is 0.5 cm away from the 
undisturbed free surface due to the compression of the closing of the crater. After that, 
the ring begins to expand for two reasons: due to the viscous diffusion and the 
entrainment of more pool liquid into the ring. By the time of 68 ms after the impact, 
when the primary ring is around 1.5 times of drop size away from the undisturbed 
surface, the velocity of the drop has reduced to 8 cm/s (frame 9 of Fig.3-7A). The 
estimated Reynolds number of the ring is 320, far below 1000, which corresponds to 
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the transition to turbulent rings. This is therefore in range of laminar vortex rings. The 
ring then leaves the field of the view of the camera and should eventually stop. 
 
3.3.2 Vortex pattern 2 
     The second vortex structure shown in the 2nd panel of Figs.3-4 to 3-6, which 
involves formation of multiple vortex rings, occurs at higher impact velocities, i.e. at 
higher Weber and Froude numbers. Figure 3-8 shows the region where multiple 
vortex rings are formed for all combinations performed in the experiments with a 
distilled water pool. This pattern appears roughly for Weber numbers between 7.2 and 
9.6. So inertia and surface tension play a key role in producing the multiple ring 
results.  Note that the critical range in the Weber number does not depend on the 
Froude number. However, these two dimensionless numbers (We and Fr) have the 
same dependence on the velocity U and therefore for the same diameter drop, the data 
points follow a line between the upper and lower range in the Weber number.  Keep 
in mind that the Reynolds number would change by a large amount because the 
viscosity for 70% gl sol is about 50 times higher than viscosity for lowest 
concentration. This could imply that viscosity is not needed to form the multiple rings 
structure.  
It has to be mentioned that the region below the data points shown in Fig. 3-8 is the 
approximate region of vortex pattern 1, though there is no exact boundary between 
these two regions.        
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 3.3.2.1  Formation of a thin jet 
Figure 3-9 shows the typical sequence of the vortex ring evolution for pattern 2, 
where two prominent vortex rings are formed. The very early period of the 
coalescence process still follows much of that of the pattern 1, shown above. The 
crater in this case undergoes a much more dramatic change than that of pattern 1, 
resulting in a totally different evolution of the vortex ring structure. Besides the 
formation of the two prominent vortex rings, the other interesting phenomenon is the 
formation of a thin vertical jet during the recession of the crater. Instead of forming a 
conical shape, the crater forms a cylindrical shape when it reaches the maximum 
depth (frame 4 of Fig. 3-9). This cylindrical shape is produced by interaction between 
the primary vortex ring and the free surface, as will be discussed in a later section. 
Figure 3-10 displays the details of this jet formation. The first two frames of the 
figure show that as the crater starts to recede upward, the crater base where the crater 
walls meet has an inward radial speed while the other parts direct radially outward, as 
shown by the white arrows in frame 1 and 2. The crater then collapses at a small point 
just above the base (frame 3 and frame 4 of Fig. 3-10). This motion, according to the 
simulation results by Oğuz and Prosperetti (1990) and Morton et al. (2000) can result 
in a bubble entrainment at the bottom of the base but no bubble is seen in this case. 
The reason, why a bubble is not entrapped here, could be that the curvature shape of 
the crater upon collision is a small conical shape different from the cylindrical shape 
that usually results in a bubble entrapment. The higher viscosity of the drop liquid 
may slightly alter the bottom conical shape preventing the formation of a bubble. 
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Another possibility is that a bubble is indeed formed, but is too small to be observed 
with our optical setup. Though we do not see a bubble, in this particular case, a thin 
high jet often accompanies the bubble, as is observed here and pointed out by the 
black arrows in frame 4 and 5. The inertial focusing produced by the radially inwards 
flow, can result in a collision at the crater base, or produce a self-similar flow, as 
suggested by Zeff et al. (2000). Both scenarios will produce a localized high pressure 
which can drive up the high-speed thin jet. This high pressure can drive the thin jet 
with the initial tip velocity of many times of impact velocity of the drop. The drop 
fluid sitting under the crater below this pressure region is projected downward into 
the pool liquid. This motion plays an important role in the formation of certain type of 
the secondary ring which will be discussed in next chapter. From the pictures taken 
from top view (Fig. 3-11), we can see the thin jet breaks up quickly pinching off a 
tiny droplet within the cavity. The initial velocity of the jet inside the crater is 
impossible to determine, because of the distortions of the light passing through the 
curved crater surface. The thin jet breaks up into tiny droplets before it emerges 
above the free surface. These drops travel much faster than the impact velocity of the 
drop. These droplet are too small to be observed in the Fig. 3-9 and Fig. 3-10, but can 
be seen by careful observations of the moving video images. As the crater recedes, 
the jet becomes thicker from the base and finally the jet appears at the surface as a 
thick central jet (frame 6-7 of Fig. 3-9). During the course of reaching the maximum 
height, the jet becomes unstable and a large droplet separates from its tip in frame 9 
of Fig. 3-9. 
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3.3.2.2  The structure of the vortex rings 
Panel 1 to panel 9 of fig. 3-12 are the still photographs of vortex structure formed 
under the same impact condition as in Fig. 3-9. These high quality images can give 
detailed information of the vortex structure. The first 5 ms after the initial contact, the 
process follows very much of that of the vortex pattern 1. As the initial vorticity has 
appeared during this period for both patterns and it seems to roll up to form most of 
the primary ring observed in the later stage. This may imply that the source of the 
vorticity to generate the primary ring for these two patterns is probably the same. 
From 6.3 ms (panel 1) after the impact, the vortex ring expands quickly in radial 
direction as the crater grows radially while the downward translation is slow in 
comparison. Until 16.8 ms (panel 4), the increase in vortex ring diameter begins to 
slow down. At the mean time, a thin sheet of drop fluid with opposite vorticity sign 
shown at the edge surrounds the crater, shaping like a necklace as the arrow shows in 
panel 4. This sheet appears to come from the inside of the primary ring and consists 
of vortex filaments which have become unstable during the expansion of the crater. 
By the time 21.3 ms (Panel 6), the edge of the sheet has become flat and has a wavy 
instability along the azimuthal direction. This can be seen in the images taken from 
the bottom view. As shown on the left photograph of Fig. 3-13, the outermost layer of 
the ring represents the flat sheet. It seems that the sheet becomes unstable in 
azimuthal direction. The wave number observed here is 28. The number of waves 
observed in different cases varies from 24 to 36. The contributing factors to the 
instability could be the interaction of the crater, which compresses the sheet together 
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in the radial direction with the fluid which follows the rebounding of the crater. As 
the primary ring begins to separate from the crater, the sheet becomes more unstable 
as shown in the right image of Fig. 3-13. After the primary ring totally separates from 
the crater and travels downward through the pool liquid,, the sheet compresses rapidly 
and becomes an irregular tangle of lines (see the last 3 frames of Fig. 3-9).  It will 
finally break up from the primary ring and remain at the surface. The nature of this 
instability will be discussed in section 4.3.3. 
As mentioned in the previous section, during the formation of the jet, a blob of the 
drop fluid, below the bottom of the crater has been accelerated downward. We may 
find that the blob of the drop fluid is actually a smaller vortex ring, which forms right 
after the crater collision. Driven by its weight, the ring grows up quickly. It expands 
radially and becomes flatter. By 27.3 ms (panel 7), a well formed secondary ring ( the 
ring formed after the primary ring) having the same sign as primary ring is seen 
below the primary one. The secondary ring is moving faster than the primary one, 
thus these two rings show no tendency to “leapfrog” as shown in Fig. 3-14, which 
shows the characteristics of the two vortex rings at they travel through the pool. The 
two vortex rings travels down at a constant speed. By 40.3 ms (panel 9), the size of 
the secondary ring is comparable to the primary one, as the latter undergoes a 
reduction in the diameter since it separates from the crater. This also can be seen from 
the top two curves showing ring radius vs time in Fig. 3-14.  
With a small increase in the impact velocity, the multiple-rings structure changes 
significantly. This is most reflected in two major structures: the primary ring and the 
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formation of the secondary ring. The drop fluid that consists of the primary ring now 
reduces. This can be easily understood as the crater becomes larger with increase Fr 
number due to the increase in impact energy. Now the thin sheet forming the necklace 
structure is pulled upward by the receding crater instead of travelling downward with 
the primary ring. This causes a strong interaction of the primary ring with the free 
surface of the growing crater resulting in a dramatic decrease in the diameter of the 
primary ring and the slow down motion (frame 14-15 in Fig.3-15). Right after the 
collision of the crater, there is no indication of any small vortex ring below the crater, 
unlike the case shown in Panel 6 and Fig. 3-9. Instead, the blob of the drop fluid is 
projected downward quickly. During the downward process, vorticity appears at the 
side edge of the blob and rolls to form a small secondary ring (frame 12-15 of Fig. 
3-15). These two ways of generating a secondary ring seems to imply that the source 
of the secondary ring could be different, even though both are connected to the crater 
close up at the beginning of the recession. This will be addressed in details in the next 
chapter. Though our focus is not on the penetration depth of the vortex ring, our 
observation shows that the vortex ring of pattern 2 travels the longest distance before 
it stops.  
 
3.3.3  Vortex pattern 3 
    As the impact velocity increases, the formation of rings seems to become more 
difficult. Figure 3-16 shows that immediately after the impact a much bigger crater 
with hemispherical shape is formed in the pool while the drop fluid just surrounds the 
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crater as a thin film. Unlike the vortex pattern 1 and 2, there is no sign of vorticity that 
rolls up to form the primary ring at the circumference of the drop fluid sitting right 
under the free surface. Now about 31 ms (frame 5 of Fig. 3-16) after impact, the crater 
has developed into a conical shape, which forms a cylindrical stem at the bottom, 
when the crater closes up. This collapse of the crater forms a small bubble which is 
identified in frame 6 of Fig. 3-16. The exact time of the pinch-off of the bottom 
bubble is difficult to pinpoint due to the very rapid motions, but occurs within 0.3 ms.  
A small blob of drop fluid at the bottom of the crater is shed downward rapidly at the 
same time. Similar to the process of the second type secondary ring in the vortex 
patter 2, the shed blob of fluid develops into a secondary ring. The formation of the 
bubble does not affect the formation of the secondary ring very much as it is still quite 
tiny even compared with the small secondary ring.  At the same time, most of the 
drop fluid travels upward with the reversing crater and then mixes with the pool liquid 
at the free surface. The absence of the primary ring at higher impact velocity is similar 
to the same liquid drop impact case. This seems to suggest that the source of vorticity 
for drop-induced vortex ring could be same for miscible fluids and same liquid 
impact. 
 
Our results show that there is no clear Weber or Reynolds number range where 
these three patterns distinctly exist regarding to any parameter we use. But for the 
configurations of 50% gl sol to water, the three distinct regions could be categorized 
by the impact velocity and diameter of the impinging fluid drop (Fig. 3-17). For other 
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systems, the three regions can also be categorized by the impact velocity and drop 
diameter. The trend of the boundaries is similar to that in Fig.3-17.  When the 
velocity is higher than the upper boundary of pattern 3, the impact will result in a 
much larger crater, which makes the film originated from drop fluid much thinner, 
thus the layer of drop fluid driven downward is probably too thin to form a secondary 
ring. Additionally, in the region above the pattern 3, the entrainment of the bubble 
occurs more often. Due to the high pressure at the crater collision area, immediately 
after the formation the bubble is also projected downward with the drop fluid 
supposed to form the secondary ring. If the bubble size is comparable to the drop fluid, 
which is often the case, it can interact with the drop fluid before it goes up due to the 
buoyancy, suppressing the formation of the secondary ring  
 
3.3.4  The influence of drop shape at impact 
The pendent drop is grown slowly at the tip of the nozzle, until the surface tension 
can no longer overcome the gravity pulling on its mass and the drop it is pinched off.  
The pinch-off promotes large deformations of the drop, often leaving behind a 
smaller satellite drop, which in some cases interferes with the impact of the primary 
drop.  Immediately after the pinch off from the nozzle, the drop undergoes large 
oscillations.  The overall shape of the drop passes from being vertically prolate 
through approximately spherical form, to being vertically oblate, then passing through 
spherical back to vertically prolate, which is called one period. The pinch-off 
generates a range of modes, but higher order modes are quickly dampened out and 
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only the primary mode remains significant at the impact.  Lamb (1945) gives the 
expression of the natural frequency (cycles/s) of an oscillating drop for the primary 
mode:  






π ρ=                                 3-2 
Thus, the period of oscillation can be written as follows : 





Rρτ π σ=                                   3-3 
where ,  , Rd dσ ρ are drop surface tension, drop liquid density, and drop radius 
respectively. It can be seen that the oscillation period is determined by surface tension, 
drop liquid density and drop radius. Any variation in one of the parameters in drop 
fluid will result in different phases of its oscillation at the impact. To fully include 
this effect to the impact process would require the Bond number of the process, i.e. 
 
          2 /d dBo gDρ σ=                        3-4 
But this value was not systematically varied in the present experiments. however it 
may explain some of the observed differences in crater shapes and vortex structure 
for very similar values of the Reynolds number. 
The table 3-1 shows the oscillation period of drops calculated from above equation 
for different drop sizes used in the experiments. The oscillation period directly 
measured from the high-speed camera images taken of the drop with 50% gl sol in 
free fall is also given for comparison, showing very good correspondence between 
theory and measurements. 
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 Rodriguez and Mesler(1989) have shown that the geometry of the free surface 
during the drop-pool coalescence, which is thought to be significant in the generation 
of vorticity and vortex ring, varied by drop’s phase at impact. Fig. 3-18 shows the 
typical shape of the drop during the free fall, i.e. oblate and prolate. In our 
experiments, we also found that most of well defined vortex ring structures were 
produced by impacts when the drop was in the prolate phase upon touching the pool, 
for both vortex patterns 1 and 2. For pattern 3, there is no dominant phase, i.e. this 
pattern can occur for any phase of the drop oscillation. This implies that jet formation 
is less affected by the drop phase at impact. Here example is given for the strong 
vortex ring generated by a prolate drop upon impact and weak ring by an oblate upon 





Table 3-1: The value of oscillation period obtained from two ways for 
drops with 50% gl sol 
 
 
3.3.5  The effects of difference in liquid properties between 
drop and pool. 
  In the next 3 sections, we will study the effects of changing the liquid properties on 
the three main vortex patterns described in previous sections.  The reference case is 
Method 2.67 mm 3.45 mm 4.12 mm 4.3 mm 5.01 mm
By equation  14 ms 21 ms 27 ms 29 ms 36 ms 
Direct measure 16 ms 22 ms 28 ms 30 ms 38 ms 
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chosen to be the case of a 50% gl sol drop impacting onto a water pool, where the 
main vortex patterns were shown in Figures 3-7A, 3-9, 3-15 and 3-16.  The liquid 
properties for this reference case are listed as Case 0 in Table 3-2.  The importance 
of the difference in the liquid properties will be investigated by independently raising 
or lowering the difference in the values of a particular liquid property (density, 
viscosity or surface tension) around this reference state, while attempting to keep the 
other liquid properties constant. 
 
3.3.5.1  The role of the viscosity ratio λ 
First, we focus on the difference in viscosity between the drop and the pool.  To 
isolate this effects, it would be desirable to keep the density ratio (γ = ρd / ρp) of the 
drop and pool liquid constant throughout this set of experiments. It is however 
difficult to match exactly the same density ratio in practice when changing the 
viscosity ratio (λ = µd/µp). It was shown in previous sections that the vortex ring is 
primarily formed in the drop liquid, we therefore decided to change the viscosity in 
the drop while using the water for the pool liquid, as before. In this way, the direct 
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Case    ρd µd  σp  γ λ 
 (Composition  drop / pool) 
( g/cm
3) (centipoise) ( dynes/cm) (ρd/ρp) µd/µp 
0   (50% gl sol / Water) 1.137 7.55 72.1 1.14 7.52
1   (13.1% MgSO4 / Water) 1.135 2.17 72.1 1.14 2.16
2   (61% gl so l/ Water) 1.156 16.2 72.1 1.16 16.1
3 (50% gl sol/12.4% MgSO4 1.137 7.55 72 1.006 3.78
4   (26% MgSO4 / Water 1.296 5.61 72.1 1.34 5.6
5   (40% gl sol / 20% Ethanol) 1.104 5.05 42.1 1.15 3.66
6   (50% gl sol/ Water with 0.5 mg/L 
Triton x -100) 1.137 7.55 59.3 1.14 7.52
7   (50% gl sol/ Water with  2mg/L 
Triton x -100) 1.137 7.55 45.7 1.14 7.52
8  (70% gl sol/Water_ 1.183 25.4 72.1 1.19 25.3
9  (80% gl sol/Water) 1.209 52.9  1.21 52.7
10  ( 95% gl sol/Water) 1.248 403 72.1 1.25 401
Table 3-2: The impact conditions for the Figs. 3-19 to 3-40  
 
 
Two liquid combinations were selected to retain the same density ratio but reduce 
the drop viscosity by a factor of 3.5 (Case 1) and increase it by a factor of 2.1 (Case 2).  
For the lower viscosity ratio (Case 1) the drop consists of 13.1% MgSO4 water 
solution.  This keeps the density ratio exactly unchanged at γ = 1.140.  For the 
higher viscosity ratio (Case 2), the drop consists of 61% gl sol which gives a drop 
density of 1.156 g/cm3, which is only 2% higher than the reference case (Case 0).  
But this is thought to be of minor influence, as the viscosity ratio increases by 110%.  
Six representative impact sequences showing the different vortex ring formations, for 
these differences in viscosity ratios (Cases 1 and 2), are given in Figs. 3-19 to 3-24.  
These sequences cover the different impact heights H, which produced vortex patterns 
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1, 2 and 3, as described in section 3.3.  
Vortex Pattern 1 
Lower Drop Viscosity:  Figure 3-19 shows the evolution of vortex pattern 1 when 
the viscosity ratio is reduced from 7.52 to 2.17. This decrease in the viscosity of drop 
has a striking effect on the structure of the ring, especially after the separation of the 
ring from the crater when compared with Fig. 3-7A. The structure becomes unstable 
during the growth of the crater manifested by the fact that the volute (frames 3-4 of 
Fig. 3-19) surrounding the crater is squeezed together and is less organized than the 
ring in Fig. 3-7A. After the vortex ring separates from the crater, the ring undergoes a 
great reduction in its diameter and becomes wavy in the azimuthal direction. This 
continues for some time for the ring. After the mixing, the ring remains in a totally 
disorganized diffusing ring, which diffuses rapidly into the ambient liquid.  
 
Higher Drop Viscosity:  However, when the viscosity ratio λ is increased to 16.2 
(Case 2), as shown in Fig. 3-20, it does not affect the structure very much. The 
difference exists in the rolling-up of the primary ring at the very early stage of the 
impact. It seems more difficult for the vorticity to roll up to form a ring when λ 
increases. Besides this, the formation and the translation of the ring for the high 
viscosity ratio follow much the same evolution as for the reference case with the 
intermediate viscosity ratio. The translation speed of the vortex ring is slower for the 
higher viscosity. Fig.3-20A shows the depth of the vortiex ring for these cases at 
approximately the same impact velocity. At the same distance (0.6 cm) below the free 
surface, the velocity for the higher viscosity case is 6 cm/s while for the intermediate 
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case and lower case is 8.5 cm/s respectively. For the lower viscosity ratio case, at the 
measured pointed, vortex ring is undergoing the turbulent mixing and dying, so no 
data are shown here. However, from Fig. 3-20A, we can still see before vortex ring 
separates from the crater (the turning point in each curve), the vortex ring in the lower 
viscosity case has a higher translation speed.  
Vortex Pattern 2 
  Lower Drop Viscosity:  Regarding vortex pattern 2, the pattern formed by the low 
viscosity ratio seems more unstable compared with the one by intermediate and high 
ratio. Fig. 3-21 shows that no mixing, alike in pattern 1, happens here. A well defined 
primary vortex ring is observed at the early stage as shown in frame 2 of Fig. 3-21. 
But then the crater and the ring interact with each other, deforming the ring. As the 
ring travels down the pool liquid, the deforming continues, exaggerating the 
instability in the ring. A secondary ring is seen below the bottom of crater in frame 5, 
just after the crater collapses forming a bubble. Although the secondary ring is not 
well formed, the way it is formed is similar to the one shown in Fig. 3-9, i.e. at the 
sharp corner of the crater bottom. 
  Higher Drop Viscosity:  For the high viscosity case (Fig. 3-22), the first two 
frames shows that a well defined ring is observed at the initial contact. But after the 
growth of the crater, it seems that less drop fluids is contained in the primary ring and 
the ring is not well defined. For the secondary ring, it is formed at the bulb which is 
projected downward by the high pressure produced during the collapse of the crater. 
The way it is formed seems similar to the one shown in Fig. 3-15.  Figures 3-22A 
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shows the plot of the depth of vortex rings in Fig. 3-9, 3-21, 3-22 respectively, 
corresponding to low, intermediate, high viscosity ratio. From the figure, the same 
conclusion can be reached as for vortex pattern 1, i.e. the increase in the viscosity of 
the drop seems to decrease the vortex ring translation velocity in the pool. 
Vortex Pattern 3 
Lower Drop Viscosity:  For vortex pattern 3 shown in Fig. 3-23, the trend is 
similar for low viscosity ratio, i.e. the drop fluid is more disorganized and the 
secondary ring travels downward obliquely as it is shed down from an irregular 
bottom corner as shown in Fig. 3-23A.  
Higher Drop Viscosity:  For high ratio case as shown in Fig.3-24, the secondary 
ring is not formed right after the pinch off the bubble below the bottom. The vorticity 
seems to appear slowly at the edge of the blob fluid but does not form a vortex ring.  
It seems that the increase in the viscosity may somewhat stabilize the ring structure as 
we observe in the case 0. However, when the viscosity becomes much larger, the 
vorticity may quickly diffuse away resulting in no vortex ring, like the case we 
present here.  
 
Much Higher Viscosity of Drop: 
To further investigate the effect of the viscosity on the evolution of the vortex 
structure, we preformed some experiments with a 70%, 80%, 95% gl sol in the drop 
and distilled water in the pool respectively, so that the viscosity in drop now is up to 
400 times more viscous than pool, as listed in Case 8-10 in Table 3-2. Figures 3-25 to 
3-27 show the evolution of the drop for different impact velocities. The comparison 
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shows that the large viscosity jump totally changes the evolution. For the 70% gl sol 
case, a well defined primary ring can be observed at a lower impact velocity range. 
The primary ring becomes weaker as the viscosity ratio increases. When the viscosity 
ratio is larger than 400, there is no primary ring even at a low impact velocity. The 
drop fluid is stretched and compressed by the growth of the crater, forming complex 
shapes. This structure does not have the concentrated vortex rings and travels down 
slowly only by the gravity effect.  
Novel Bubble Entrapment:  An interesting feature found for the highest viscosity 
configuration is that a bubble is always formed during the recession of the crater 
without introducing a vertical Worthington jet. This bubble has a constant size, with a 
diameter of 400~500 mµ  and is always produced for all drop sizes from 2.67 to 5.0 
mm, even at a low impact velocity. It forms during the collapse of the crater above the 
drop. And the bubble formation is not accompanied by a jet even at a high impact 
kinetic energy, which often occurs when the drop is much less viscous.  The close-up 
images in Fig. 3-27A show that the contact line (see arrows) where the water meets 
the 95% glycerin drop appears to be nearly pinned during the final convergent 
motions when the water closes above the drop. There are probably also boundary 
layers inside the water layer on top of the drop which slow the fluid down leading to 
the pinch-off above the drop surface, thus entrapping the bubble. 
 
3.3.5.2  The role of the density ratio γ 
In this section, the effect of the density ratio γ between the drop and pool is 
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investigated while the ratio of the viscosity is kept close to constant. However, in our 
experiments for the liquids we have, it is really hard to keep the viscosity exactly the 
same for a range of density ratios. So we had to make a compromise here. Since the 
best ring structure is formed at an intermediate value of the viscosity ratio, which is 
between 3.6 and 8.0 cp, we tried to keep this ratio within that range, while changing 
the density ratio. We feel that this approach is qualitatively helpful for the conclusions 
we will reach. Cases 3 and 4 (listed in Table 3-2), were used in this part. Lower 
density ratio was accomplished by making the pool density higher to match 
approximately the density of the drop, i.e. by dissolving a large amount of 
Magnesium-Sulfate (MgSO4) into the pool water.  Figures 3-28 to 3-33 show the 
formation of the vortex ring for a range of density ratios corresponding to the 
conditions for Cases 3 and 4.  
Vortex Pattern 1 
The comparison between Fig. 3-28, Fig. 3-29 and Fig. 3-7A shows that the decrease 
or increase in density ratio does not have much influence on the formation of vortex 
pattern 1. The formation and translation of the ring are exactly the same for the three 
conditions except that in Fig. 3-28 a thick and short jet is observed while the crater 
recedes. The maximum height reached by the jet is less than the drop diameter and the 
jet disappears quickly without any droplet separation at the tip. This jet is also 
observed in case 0 and 4 in vortex pattern 1 when the impact velocity is comparable to 
this case. The generation mechanism of this jet is different from the previous one 
connected to the high collision pressure produced during the bubble formation. 
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Instead it occurs because part of the potential energy stored in the maximum depth of 
the crater mentioned before has been converted to the kinetic energy of the thick jet.  
In vortex pattern 2 and pattern 3, we first observed a thin jet and then it develops into 
a thicker jet from the base while the crater recedes. The thickening effect is due to the 
above mechanism.  
Vortex Pattern 2 
For vortex pattern 2, it seems that with decreasing density ratio (Case 3), the 
structure of the vortex ring does not undergo any dramatic change from the reference 
case. Similar process is found between Fig. 3-30 and Fig. 3-15.  For Case 4, the 
double increase in density difference (Fig. 3-31) shows large effect on the vortex 
structure.  Perhaps surprisingly, it does not show an increase in the amount of the 
vorticity forming the primary ring as might be expected, due to possible baroclinic 
generation of vorticty in the inhomogeneous fluids as will be described in the chapter 
4.  Instead, the primary ring is weaker than those formed in the reference case (Case 
0).  This implies that the density ratio does not have much effect on whether a strong 
primary ring is formed or the increase in the density ratio actually suppresses the 
formation of the primary.  One possible explanation is that the larger mass of the 
drop gives more punch as it has higher kinetic energy, which in turn will produce a 
larger crater, which can stretch the primary ring too much, thus destroying it.  
Another interesting feature is the azimuthal undulations which is present at the first 
contact of the drop. The Figure 3-31A shows the close-up view of the undulations. 
The number of undulations around the crater can be estimated from the images. The 
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first image gives 38 undulations and 37 in the last image. The equivalent undulations 
probably imply that azimuthal instability that appears later in the necklace shape is 
obtained from the undulations in the primary ring appearing at the initial contact 
through the interaction between the necklace sheet and the primary ring.  
  Due to the gravity effect, more drop fluid with a small bulb at the tip is projected 
down during the close up of the crater. This action makes the formation of a tertiary 
vortex possible. The tip forms the secondary ring during the downward translation. 
During this process, the drop fluid between the two rings undergoes an evolution 
similar to the tip that forms the secondary ring and forms the third ring. Sometimes a 
fourth ring could be observed above the third ring for limited realizations.  We feel 
that the number of the generated secondary ring is not unlimited, it is limited by the 
effect of dissipation and the diffusion of the vorticity during the downward translation 
of the bulb.  For this special case, as the third ring moves faster than the secondary 
ring, then it will interacts with the secondary ring and forms a bigger ring with the 
size comparable to the primary ring, and travels down at a smaller velocity.  As the 
two rings are generated in the pool liquid away from the free surface, these vortex 
structures are most likely generated by significant baroclinic contributions to the 
vorticity. 
Vortex Pattern 3 
For vortex pattern 3, the only effect of the decrease in density ratio γ is that it 
extends the timescale needed to form the secondary ring. This may imply that for the 
formation of the secondary in this case, gravity effect caused by the density difference 
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between the drop and the pool (i.e. baroclinic force mentioned later) could be an 
important factor.  For this case, a decrease in the density difference causes a weaker 
gravity effect, i.e. a weaker driving force to form the secondary ring.  
However, for the heaviest drop impact (Fig. 3-33), it is interesting to find that 
formation of the secondary ring is not easy, different from the expectation that the 
increased gravity effect can form a stronger ring. This is probably due to the shape of 
the drop fluid that is projected downward after the crater collapses. In frame 5 and 6 
of Fig. 3-33, the drop fluid forms a thick disk-like blob, which is projected downward 
not like the previous cases, where a small tip moves downward at a higher speed. For 
this already flat shape, only a weak vortex ring appears to be formed. 
 
3.3.5.3  The role of the surface tension 
The surface tension of the pool liquid can be changed by using an ethanol solution 
or adding a surfactant to the pool as mentioned in previous chapter.  However, the 
introduction of the ethanol in the pool will result in a large reduction in the density of 
the pool besides reducing the surface tension. To examine the effect of the surface 
tension on the vortex structure, it is better to keep the density and viscosity ratio the 
same as that in the reference case 0. Adding a low concentration of a surfactant will 
accomplish this, by lowering the surface tension of the pool, without changing the 
other liquid properties. However, it should be kept in mind that surfactants introduce 
dynamic surface tension effects, which may be as significant as the reduction in the 
static surface tension. These dynamic effects arise because the local surface tension 
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will be a function of the local concentration of the surfactant. Rapid stretching of the 
surface can therefore redistribute the surfactant locally, generating Marangoni forces 
along the surface. One clear example of Marangoni-driven surface motions will be 
shown in a later Chapter 5. 
Ethanol Solution:  We have tested a few ethanol solutions in the pool and one of 
those has a density ratio close to that of the reference case (Case 5 in Table 3-2).  
Impact sequences for this liquid combination are shown in Figures 3-34 and 3-35 for 
two impact velocities. We find that the strong vortex ring (Pattern 1) like the one 
shown in Fig. 3-34 appears at Weber numbers below 5.5, whereas in the reference 
case one ring is generated up to We of 7.  Multiple rings are also observed, for larger 
impact velocities, but they don’t form the same structure like those occurring in the 
reference case. As shown in Fig. 3-35, the small ring shape blob below the crater 
travels down and becomes bigger and flat, but it does not roll up at the top edge to 
develop a stronger ring because the primary ring travels down at a higher velocity and 
“crashes” into the small ring and then interacts with each other. At higher impact 
energy, no more well-developed primary ring or secondary ring will be observed 
except a big hemispherical crater and a thin jet as shown in Fig. 3-36.  
 
Surfactant Solutions:  Two surfactant concentrations of Triton X-100 were tested 
(Cases 6 and 7), as listed in Table 3-2. The concentrations used, i.e. 0.5 and 2.0 mg/L, 
are both below the Critical-Micelle-Concentration (CMC), as can be seen from the 
values of the surface tension. For this surfactant CMC is about 4 mg/L giving a 
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surface tension of about 27 dyn/cm.  The results are shown in Figs. 3-37 to 3-40, for 
two impact velocities for each of these two concentrations. For both concentrations, 
i.e. 0.5 and 2 mg/L, the same phenomena are observed.  At a region where vortex 
pattern 1 exists, the vortex ring undergoes a great distortion after separating from the 
crater as shown in Figs. 3-37 and 3-38. At a region where vortex pattern 2 appears in 
case 0, the formation of the primary ring is not affected and a familiar ring is observed.  
For the secondary ring, the vorticity sheet appears right after the collision of the crater 
as marked in Fig. 3-39 and 3-40, but it is too weak to roll up to form a strong ring. 
Figs. 3-38A and 3-40A shows the comparison of the vortex ring depth with reference 
case for vortex pattern 1 and patter 2 for the same impact velocity. In both figures, we 
find that the vortex ring translation speed is smaller for the cases with surfactant 
added to the pool for both patterns compared with the reference case without the 
surfactant. The drop composition is same and the release height is the same, so the 
drop shape upon impact should be the same. Thus the difference comes from the 
effect of the surfactant in the pool. Saylor and Gizzard (2003) have measured the 
velocity of the vortex ring caused by the water drop impacting onto a water pool. 
They also varied the surface tension in the pool liquid by adding different 
concentrations of Triton X-100. They found that the surfactant actually increased the 
vortex ring velocity and the peak vortex ring velocities were obtained for the 
intermediate surfactant concentration, which was around 0.125 mg/L. This is different 
our observation here, as the velocity is smaller when the surfactant is added. More 
experiments covering a range of surfactant concentration would be needed to 
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understand the differences in detail. Moreover, The effects of adding surfactant are 
complicated: they not only reduce the surface tension in the pool liquid, but also cause 
dynamic surface tension effect as the free surface stretches, this is “ because of the 
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CHAPTER 4 
The Vorticity Generation Mechanisms 
 
 
As mentioned in Chapter 3, the source of the primary vortex ring in all patterns 
seems to be the same, i.e. by the tangential flow along the curved free surface. The 
details of this and other vorticity-generation mechanisms are presented in this chapter. 
The relevance of these various mechanisms explains the complicated vortex structure 
occurring in the vortex pattern 2.  
For homogeneous fluids, there is no density or viscosity variation within the fluid, 
so it is well known that vorticity can not be generated in the interior points of the 
liquid volume. In our configuration there is initially no motion inside the pool, 
therefore obviously no initial vorticity inside the pool. Therefore, according to 
Kelvin’s circulation theorem, any vorticity generated for homogenous liquids must be 
generated at the boundaries of the fluid regions. The only relevant boundaries would 
be the free surface, as the container walls are too far away from the impact site to 
affect the dynamics.   
For inhomogeneous fluids, the generation of vorticity is much more complicated, as 
vorticity might be generated at interior points of the liquid due to the variations in the 
density or the viscosity. In this section we will look at equations which characterize 
the relative importance of these variations in liquid properties. These will be used to 
determine which are the major sources for vorticity generation occurring for the 
miscible drop impact case studied here. 
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4.1 Governing Equation 
In order to introduce the vorticity generation mechanism, we start by deriving a 
generalized vorticity equation without the assumption of constant liquid properties, as 
is usually done. This general vorticty equation can be easily derived from the 
Navier-Stokes equation by taking the curl of every term. We start from the usual 
momentum equation in a general form which can be written without assumptions 
about the constant of density and viscosity as follows: 
       ( ) ( )23 TDu F p u u uDtρ µ µ   = −∇ + ∇ +∇ ∇ +∇     
G JG JG JG G JG JGG JGGi i                 4-1 
Where F
JG
 is an external body force, here being gravity. Where our Cartesian 
coordinates are oriented such that the x and y axes are in the horizontal plane and z is 
directed vertically upwards.  Equation 4-1 can be developed by carrying out the 
gradients into the paranthesis to give,  
( ) ( ) ( ) ( )2 23 3 T TDu F p u u u u u uDtρ µ µ µ µ= −∇ − ∇ ∇ − ∇ ∇ + ∇ ∇ +∇ +∇ ∇ +∇
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For the symmetric tensor, ( )
T
u u∇ ∇ =∇ ∇JG JGG JG JG Gi i , we have 2u uµ µ∇ ∇ = ∇JG JGG JG Gi  
The flow is incompressible and non-diffusive, thus u∇JG Gi =0 and equation 4-2 
becomes,  
                 ( )2
                           
TDu F p u u u
Dt
ρ µ µ= −∇ + ∇ +∇ ∇ +∇
G JG JG JG G JG G Gi  
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Then divided by ρ  
( ) ( )2
                           
1 1 Tu u u f p u u u
t
µ µρ ρ ρ
 ∇ ∇ ∇ ∇  
∂ + = − ∇ + ∇ + +∂
JG JG JG JG JJG JG JG JG JG JGJG JGJGi i               4-3 
Where f
JG
 is now the external body force per unit mass. No assumptions have been 
made about and ρ µ  which are for our configuration functions of the space and time. 
The vorticity equation is now obtained by taking the curl of every term in the above 
equation 4-3, 
( ) 2    1 1
                           
Tu u u f p u u u
t
µ µρ ρ ρ
   ∇ ∇ ∇ ∇ ∇ ∇        
∂ + = − + + +∇× ∂
JG JJGJG JG JG JG JG JG JG JGJG JGJGi i             4-4               
First of all, an identity of vector-calculus states that the  
                      { }( ) { }( ) 0curl grad = ∇× ∇ =JG JG . 
This eliminates one part of the pressure terms 0p∇×∇ =JG JG  as, 
 ( )21 1p p pρ ρρ ρ ∇× ∇ = − ∇ ×∇ + ∇×∇  
JG JG JG JG JG JG
 
We use another vector identity to expand the convective acceleration, 
                     ( )
    
1 ( ) ( ) 
2
u u u u u u∇ = ∇ − × ∇×JG JJG JG JJG JG JG JG JJG JGi i  
and then apply the curl. The first term is of the curl (grad   )-form, therefore it 
disappears, i.e. ( )1 02 u u∇× ∇ =JJG JJG JG JGi . 
Because u ω∇× =JJG JG JJG , thus ( ) ( )u u u ω  ∇× ∇ =∇× ×JJG JG JJG JG JJG JG JJGi  .  
The curl also commutes both with the time derivative and Laplacian, thus equation 
4-4 can be simplified to, 
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( )221 1( )      4-5
                           
T
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Furthermore, the body force f
JG
is the gravity as mentioned above having a potential, 
thus its curl will disappear. The next step is to simplify the second term in the left 
hand side through additional vector manipulations.  
                   ( )u ω∇× ×JG G JG = ( ) ( )N ( ) ( )
00
u u u uω ω ω ω∇ − ∇ − ∇ + ∇G JG JG JG JG G G JG JG JG JG Gi i i i	
  
Here we use the fact that the vorticity field is solenoidal. This is simply due to another 
vector identity { }( ) 0div curl = , therefore 
                          ( ) 0uω∇ =∇ ∇× =JG JG JG JG Gi i  
Substituting into equation 4-5 gives, 
( )22 21 1( ) ( ) ( )  4-6Tu u p u u utω µ µω ω ω ρ µρ ρ ρ ρ ∂  + ∇ = ∇ + ∇ + ∇ ×∇ + ∇ ×∇ +∇× ∇ ∇ +∇   ∂  
JG G JG JG JG JG G JG JG JG JG JG JG G JG JG JGG JGGi i i
The left hand side is the familiar material derivative of the vorticity vector. The first 
term on the right hand side describes the effects of local concentration of vorticity by 
vortex filament stretching and tilting. And the second term 2µ ωρ ∇
JG
 represents the 
diffusion of vorticity by viscosity. These two terms can not generate fresh vorticity 
where none existed before, but can redistribute existing vorticity. The third term, on 
the right-hand-side, is a new term and can give the generation of vorticity resulting 
from a pressure gradient in an inhomogeneous fluid. The physical explanation is as 
follows: for motions of homogenous fluid elements the pressure gradient can push a 
fluid element in some direction, but is unable to rotate it.  However, when the 
pressure gradient acts on a fluid element which is heavier on one side than the other, 
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the lighter side of it will accelerate more than the heavier side.  The element 
therefore will begin to rotate.  This mechanism goes by the name of baroclinic 
generation of vorticity.   
The last two terms in the above equation 4-6 contains the viscosity, which in our 
drop configuration, is a function of space and time. How these variable-viscosity 
terms generate vorticity, in our configuration, remains unknown. In our current 
experiments, when the viscosity ratio between the drop and pool liquid was at a 
certain limit, we observed the primary ring generated at the free surface during the 
initial contact. However, as the viscosity ratio went to an extreme, up to 400, there 
was no vortex ring observed during the impact. So we concluded that viscosity 
gradient does not play a significant role in generating fresh vorticity in the drop 
impact cases we consider here.  
 
 
4.2  Vorticity Generation at a Free Surface 
The term free surface is often used to refer to the gas-liquid interface. The density 
and viscosity of the gas are much smaller than those of the liquid under normal 
condition. In the present thesis, the free surface flow is defined as the ideal gas-liquid 
flows in which the dynamics of the gas phase is in most cases neglected.  
At a free surface, one of the primary boundary conditions to be satisfied, is the 
absence of the viscous shear stress. Although a rigid boundary is often the source of 
vorticity, the free surface can also be the source of the vortictity, arising to satisfy the 
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zero tangential stress. This generation of vorticty at the free surface can be understood 
by the following simplified example, shown in Fig. 4-1. Figure 4-1 shows liquid flow 
along a free surface which has the shape of a circular arc.  
Considering the free surface of an initially irrotational motion, we use polar 
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Differentiating inside the parenthesis gives                                
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The two equations above are the sum and difference of the exact same terms. Thus 
both equations can not be satisfied simultaneously. To avoid the infinite accelerations 
of the fluid surface, the second equation must be satisfied, i.e. the shear stress must be 
zero. The vorticity at the free surface therefore has to be finite. Subsequently, if the 
fluid has any viscosity, that vorticity will diffuse into the liquid forming a thin 
boundary layer of vorticity. This thin layer of vorticity then separates from the free 
surface then roll up to form a vortex ring.  
Regarding the strength of the vorticity generated in the free surface, we can use the 
first of the pair of equations above (4-7) which would have to be generalized for a 
more complex surface shape, but locally at a point on the surface takes a similar form, 
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where we look at the surface curvature which is equal to one over the radius of 
curvature. According to Batchelor (1967), this reduces the strength of this boundary 
vorticity as  
                                 2 qω κ=                             4-9 
where κ is the surface curvature and q  is the liquid speed along the free surface.  
The sign of this vorticity is the same as the rotation of the normal vector to the surface 
as one moves along the free surface with the local fluid velocity (shown in Fig. 4-1).  
Note that the direction of the normal vector, i.e. whether it points into the air or into 
the liquid does not change the direction its rotation. 
 
 
4.3  The Generation Mechanism of Vorticity  
In this section, we will present the generation mechanisms of the vortex rings 
described in the previous chapter.  
4.3.1  The source of vorticity for the primary ring 
At the early stage of the impact approximately within 1 ms after the initial contact 
between the drop and the pool, a region of high curvature exists which rapidly travels 
outward, similar to the motions observed during coalescence of two drops, or a drop 
with a flat surface, see for example the images in Egger et al. (2000) and Thoroddsen 
et al. (2005). This is seen from the figures taken from the top view. The initial contact 
of the drop and pool liquids should form a cusp shape, but surface tension will very 
quickly blunt this cusp, forming a flatter surface region between the free surface of the 
drop and the pool liquid. This blunting of the initial cusp especially true for low 
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viscosity liquids, see for example the shapes in Keller and Miksis (1983). For larger 
viscosity the neck region becomes more cusplike, as shown in Fig. 4-2 taken from 
Thoroddsen et al. (2005). Figure 4-3 shows a sketch of the surface geometry during 
this stage when a neck between the pool and the drop grows rapidly driven by surface 
tension. The concave surface of the drop, away from the contact area, makes the 
pressure higher inside the drop than in the top layer of the pool liquid.  As mentioned 
above, at the initial contact between the drop and the pool liquid, this flow from the 
drop into the pool passes along a highly curved region with finite radius formed at the 
free surface, which is a necessary condition for vorticity generation, as pointed out by 
Batchelor (1967, p. 366). The velocity of the drop fluid is vertical in general, but at 
the edge of the contact region at the free surface, the drop fluid is passing past this 
curved surface in order to penetrate into the pool.  Thus a thin sheet of vorticity must 
be generated in order to maintain the continuity of the shear stress, as shown in the 
earlier section of vorticity generation at a free surface. The sign of this vortcity 
generated in the free surface is the same as that of the primary vortex ring.  This 
vorticity layer separates from the free surface and eventually rolls up into the primary 
vortex ring as shown in Fig. 4-3.This separated vorticity sheet has been photographed 
by Dooley et al. (1997) in the process of rolling up to form the primary vortex ring, 
see also discussions in Cresswell and Morton (1995). Figure 4-16 below also shows 
the separated vortex sheet. Although surface tension does not appear in the vorticity 
equation, it drives the rapid motion of the coalescing neck region and is therefore 
indirectly responsible for the vortex ring. In some cases we see the vorticity layer 
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splitting up and rolling up into two separate vortices, as will be shown in section 5-1. 
The above mechanism also explains why at a higher Weber number, which implies 
a higher impact velocity (for the same size drop) the primary vortex ring is not 
observed.  At some critical higher impact velocity, surface destruction occurs as is 
shown in Figure 4-4.  The definition of the Weber number, can be interpreted as the 
ratio of two time-scales, i.e. the convection time-scale and the capillary time-scale. 
We therefore know that for higher Weber number cases, the convection time scale is 
smaller than the capillary time-scale, which means that the vertical velocity of the 
drop is much greater than the capillary-driven radial velocity of the neck region and 
the two surfaces approach each other so quickly that the new contacts between the 
drop and pool are formed ahead of the neck. This will interfere with the outwards 
motion of the neck, thereby stopping the coherent vorticity production at the free 
surface.  In our experiments, we found that primary ring may appear when the Weber 
number is up to 9.5 as shown in Fig. 3-8. This value is slightly higher than the critical 
value of 8 suggested by the seminal paper by Hsiao et al. (1988) for the drops 
impacting onto the same liquid. The difference is acceptable as their critical number 
was based on fairly limited number of experiments using two different liquids only, i.e. 
with water and mercury drops.  However, as mercury is opaque, the presence or 
absence of a vortex ring could only be inferred from the shape of the free surface.   
Based on all the above considerations, we believe our primary vortex ring is 
generated in the same manner as the primary rings when the drop and the pool are of 
the same liquid, i.e. by the coalescence motions in the neck region connecting the 
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drop to the pool. However, the possibility exists that the higher density of the drop 
compared to the pool, can modify this process to some extent.  This effect would 
show up as baroclinic generation of vorticity at the interface between the drop and 
pool liquids. However, we argue that the 2
1 pρρ ∇ ×∇
JG JG
 term is close to zero for the 
initial geometry, as the pressure and density gradients are parallel, or are small. Figure 
4-5 shows this schematically.  In the center of the opening neck, away from the 
moving free surface the pressure gradient points vertically from the pool to the drop 
and the density gradient is also vertical across the interface between the drop and pool 
liquids, which in this region should be fairly horizontal. The cross-product of parallel 
vectors clearly vanishes, giving no contribution to the vorticity production. 
The situation near the separated shear layer is more complicated, as the interface 
between the drop and pool liquids is not horizontal. Near the ‘cusp’ region the 
pressure is very low, dominated by the capillary pressure. The pressure inside the drop 
is higher than that in the top layer of the pool, which causes a layer of fluid to be 
pulled up along the free surface from the pool to the region where the vortex layer 
separates near the top of the neck. This can be seen in a later image 4-16. Keep in 
mind that if there were no pressure difference between the pool and the drop, we 
should expect the separation of two shear layers, one from each sharp corner in the 
neck region. However, the higher pressure inside the drop breaks this symmetry.   
We therefore speculate that the pressure in the neck region under the separated shear 
layer is fairly uniform and the pressure gradient therefore directed across the 
separated shear layer, again being parallel to the density gradient between the two 
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liquids, if we assume the separation of the two liquids follows approximately the 
vorticity layer. However, the images suggest that, at least for the homogenous case, 
the shear layer separates within the drop liquid.  If this is also true in our case, then 
the density gradient would sit inside a region of relatively constant pressure region, 
where pρ∇ ×∇JG JG  has a low value, thereby not generating significant amounts of 
vorticity. 
 
4.3.2  The source of the vorticity for the secondary ring  
By careful examination of the video clips of the drop impact, we have found that 
in vortex pattern 2, the secondary ring appears in three ways as shown from Fig. 4-6 
to Fig. 4-8. In Fig.4-6 and 4-8 the secondary ring becomes visible about 2-4 ms after 
the crater collapses while in Fig. 4-7, the evidence of the secondary ring appears 16 
ms after the crater collapsing. But the craters in Fig. 4-6 and 4-7 have one thing in 
common, i.e. before the crater collapses, resulting in a thin jet, it forms a dimple 
shape at its base as the dark and white  arrows indicate in the first few frames of 
each figure respectively. This action entraps a small part of the drop fluid along the 
surface. Fig. 4-9 shows the sketch of the crater base before the collapsing. The 
dimple and the vertical wall at the connection region form a highly curved interface. 
When the crater begins to rebound, it seems that there is a wave traveling down 
toward the bottom of the crater, and it tends to push the drop fluid out of the “hole”, 
causing the small part of the drop fluid to move along the highly curved interface. 
According to the mechanism of the surface generated vorticity, as the drop fluid 
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moves along the sharp corner, vorticity can be generated. The sign of the vorticity is 
same as the primary ring. The same mechanism can apply for the vorticity 
generations in the Fig. 4-8, but at different positions. Frame 1 in the figure shows the 
bottom of the crater begins to move radially inward while the vertical walls crater 
move downward. This motion causes the flow around the crater moves upward along 
the curved interface, thus a positive sign of vorticity is generated during the process. 
As the bottom of the crater closes up and forms a sharp corner, the vortcity separates 
from the corner and enters into the pool as arrowed in frame 10. As the vorticity is 
generated along the vertical walls of the crater and shed from the outside of the 
corner, entrapping more drop fluid, thus a bigger secondary ring at the initial stage is 
expected as shown in frame 12 in comparison with those in Fig. 4-6 and 4-7.  
    In Fig. 4-7, when the small part of the drop fluid is shed downward, it is not in 
the ring structure. This does not mean the vorticity is not formed at the sharp corner 
like the case in Fig. 4-6. It is because the bump curvature is not sharp enough, thus 
leading to weaker vorticity. This vorticity is probably stored in the drop fluid at the 
bottom of the crater and died away while being projected down together by the high 
pressure. Thus we only observe a small bulb of the drop fluid traveling downward. 
The drop fluid is heavier than the pool liquid, thus the bulb travels down by the 
gravitation effect, forming a column between the primary ring and the tip of the bulb. 
Thus a hydrostatic pressure gradients pointed vertically downward is generated in the 
column. As the drop fluid is heavier than the pool liquid, the density gradient is 
pointed from the pool liquid to the drop fluid, as shown in Fig. 4-10. Thus, the 
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baroclinic force 
2
1 pρρ ∇ ×∇
JG JG
 can generate the positive vorticity at the side of the 
bulb, which slowly rolls up to form a smaller ring. The baroclinic generated vorticity 
is most evident in the heaviest drop impact case as shown in Fig. 3-31, where the third 
vortex ring is observed.  
The above explanation of the formation of the secondary ring is directly or 
indirectly associated with the motion of the crater evolution, especially the first two 
types. They are not limited to the impact conditions, but are principally determined by 
the phase of the waves traveling down the crater as it closes up. The first type of 
formation of the secondary ring is more common in the present study. Figure 4-11 
shows a different configuration which generates the same bottom secondary ring. The 
black arrows in Fig. 4-11 show the shear layer emerge from the crater.  This 
generation mechanism is not limited to differences in drop and pool liquid, as can be 
seen in Fig.4-12 for the same drop and pool liquid. The interface is visible by slight 
differences in the temperature of the drop and the pool, which were unavoidable in the 
experimental setup. The comparison of two rows shows that when there is a dimple at 
the bottom of the crater, forming a highly curved interface, the vorticity can be 
generated and separate from the corner, rolling up to form a small ring, similar to our 
observations here.  
 We should also mention that a general vorticity flux equation from a free surface, 
have been derived by Rood (1996) for an accelerating interface. He finds the 
following equation using the polar coordinate system similar to Fig. 4-1, for the flux 
of vorticity from a free surface which is accelerated tangentially, 
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∂ ∂∂  = + + − ∂ ∂ ∂  . 
 This equation has been simplified by Dooley et al. (1997) 




∂ ∂∂  = − − ∂ ∂ ∂   
where su  is flow tangential to surface. Dooley et al. (1997) tried to use this equation 
to explain the source of the vorticity when a drop coalescences with a pool as shown 
later in Fig. 4-16, but there is some ambiguity in their estimation of the surface 
acceleration. Our discussion sidesteps this problem, by using a reference frame which 
follows the growing neck assuming a stationary free surface. However, we accept that 
if both the motion and acceleration of the initial growth of the neck could be obtained, 
this more general equation would most likely give an improved estimate of the 
vorticity production.  This is however beyond our experimental capabilities. 
 
4.3.3  The source of the buckling “necklace”  
In vortex pattern 2 as discussed in Chapter 3, a necklace shape is observed 
surrounding the receding crater. The necklace is thought to be formed by the vortex 
sheet coming from the interface between the crater and primary ring. Figure 4-13 
shows the typical formation of the necklace shape during the crater growth process. 
Shortly after the drop contacts the surface, a cylindrical crater with a flat base is 
formed in the pool liquid. Then a rapid change happens in the curvature at the region 
where the base and the vertical walls meet as outlined in the frame 2. The formation 
of the highly curvature may be due to the different motions of the base and the 
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vertical walls of the crater. Figure 4-14 is the sketch of the highly curved crater, 
resembling frame 2. Only the right-hand side of the crater is shown here, as the crater 
is symmetric and the analogous results hold for the other side with different signs of 
vorticity. At the vertical wall, as the primary ring travels downward, it also entraps 
some pool liquid into the ring, which can accelerate along the crater surface with 
some drop fluids. According to the generation mechanism of vorticity mentioned 
above, this tangential acceleration may lead to the formation of the vorticity. In the 
current shape of the curvature, an opposite sign of vorticity sheet should be generated 
when it is separated from the sharp corner. The vortex sheet then interacts with the 
primary ring and is carried out by the stronger primary ring. While the primary ring 
travels down, the vortex sheet goes up. Then the azimuthal instability becomes 
obvious and the sheet forms like a buckling necklace. This necklace shape is observed 
only in the vortex pattern 2, a limited impact regime. The is mainly because in vortex 
pattern 1, the crater does not expand dramatically as shown in figs. 3-7A and 3-7B, 
which means the surface is not highly curved and voticity is difficult to be generated. 
Even there is some vorticity generated but it is so weak that it easily disappears in the 
interaction with the primary ring during radial outward motion. In vortex pattern 3, as 
the impact energy increases, the crater becomes like a hemispherical shape appearing 
in the splashing case when the primary ring is absent and will not undergo great 
distortion in the shape, thus no vorticity will be generated along the interface.  
  The azimuthal instabilities arise frequently during our experiments. They arise at 
different times following the impact and are most like generated by different physical 
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mechanisms. Figure 3-31A show undulations immediately following the first impact 
and below (Fig. 4-15) we discuss one that occurs later. Figs. 3-9 and 3-15 show the 
undulations that occur later similar to the one shown in Fig. 4-15, which however has 
more detailed information about the instability. Azimuthal instabilities are also 
observed for drop impacts in homogeneous liquids, see for example Peck and 
Sigurdson (1995) where azimuthal instabilities are responsible for the petal patterns 
behind the primary vortex ring. These instabilities can therefore not only be driven by 
the differences in liquid properties present in our configurations. They must also be 
inherent in the flow field. 
  However, in our configurations these instabilities often appear during the 
compression of a more viscous liquid inside a less viscous liquid. This type of 
instability is well-known for the coiling of a viscous jet when it buckles as it hits a 
solid surface, such as is evident for honey draining from a spoon onto a china plate. 
Here the viscosity of the drop liquid is only slightly higher than that of  the pool 
liquid, but the compression rates arising as the crater closes up are quite large which 
promotes such buckling of a viscous sheet. 
   Figure 4-15 shows two common features of the azimuthal instability.  Firstly, the 
earliest observed azimuthal undulations appear on the opposite sign counter-vortex 
which wraps around the primary vortex, as is indicated by the light arrows in the 4th 
frame of the figure.  This counter-rotating vortex was discussed in previous section 
and arises from the flow along the curved free surface of the crater. This flow is here 
driven by the primary vortex.  This counter-vortex is convected around the primary 
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vortex and carries the azimuthal undulations with it.  Frames 4 to 8 show how this 
vortex starts below the primary vortex, moves around it and ends up above the 
primary vortex in frame 8. The horizontal lines associated with the primary vortex are 
still rather straight, suggesting the instability is primarily confined to the smaller 
vortex. 
  Secondly, the compression of the viscous sheets amplifies any instabilities, as 
pointed out by the dark arrows in the later frames in the same figure. The dark arrow 
in frame 9 shows that the sheet of drop liquid being stretched between the primary and 
counter-rotating vortex is fairly straight around the azimuthal.  However, the closing 
of the crater produces a converging flow field which compresses this sheet towards 
the axis of symmetry.  By frame 10 this sheet has been compressed by a factor of 
almost 2.  This promotes strong buckling which is clear in the remaining frames.  
Similar buckling is also occurring on top of the primary ring in the last three frames of 
the figure, as pointed out by the dark arrows. 
  The primary vortex ring starts to look irregular in frame 9 of Fig. 4-15.  This fuzzy 
appearance does not have an obvious wavelength and appears to be on small scales.  
The primary ring is also being compressed by the crater motions and in frame 8 is has 
compressed 8% from the maximum diameter and in frame 9 by 15%. This may have 
some effect on the ring, even though the strong circulation of this ring may overcome 
this instability.  More detailed imaging would be required to understand this fully. 
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4.4  The Crater Shape 
  The above analysis about the various types of formation of the secondary vortex 
rings in vortex pattern 2 shows that the formation of the secondary ring is much 
affected by the complicated crater shape formed below the free surface. Thus it is 
necessary to investigate the evolution of the crater shape.  
 
4.4.1  The evolution of the crater shape 
The size and shape of the impact crater will depend primarily on the impact energy 
of the drop.  Engel (1966, 1967) derived a model to describe the growth of the 
impact crater in terms of an energy balance.  This model was formulated for very 
high impact energies, for comparison with experiments performed in a 20 m long 
vacuum tube to generate impact velocities as high as 18 m/s. The advantage of using 
vacuum is that the drop is not flattened during the fall and remains essentially 
spherical as it impacts onto the pool. For these impact conditions vortex rings are not 
generated and the cavity takes a hemispherical shape extending into the pool. 
Engel’s energy balance is between the kinetic energy of the drop Ekd, which is 
principally converted into potential energy Ep of the crater, where the liquid removed 
from the crater is raised above the original liquid surface, kinetic energy of the fluid 
inside the pool Ekp and finally smaller contributions for surface energy of the crater 
Esurf, the kinetic and surface energy of the spray Espray and viscous dissipation within 
the liquid motions Evisc. Symbolically we write, 
 
Ekd=Ep+Ekp+Esurf+Espray+Evisc                  4-10 
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The flow inside the pool, outside the crater is here approximated by potential flow, 
including the assumption that vorticity and boundary layers have minimal effect on 
the structure of the crater. Potential flow has a unique solution for given boundary 
conditions and for this flow it is the same as a three-dimensional source at the point of 
impact, i.e. takes the form in spherical coordinates  
Φ=Arcosθ                        4-11 
 
where θ is measured from the bottom axis of symmetry and A is a constant. Keep in 
mind that the potential flow corresponds to the minimum kinetic energy possible 
which is consistent with the boundary conditions. The different terms in the above 
equation can then be expressed in terms of the size of the hemispherical crater Rc. 
4
_ / 4p crater cE gRπ=                       4-12 
which is resulting from the crater. To this, one needs to add the potential energy of the 
wave-swell, which Engel estimates as only 1/9 of that of the crater, as most of the 
swell takes place farther away from the centre of impact, thus needing smaller 
elevation to accommodate the same volume of fluid, due to the larger values of the 
radius r, where the area ~ r2 
 
4
_ / 36cp swellE gRπρ=                   4-13 
Giving              4p p_crater cp_swell E  = E + E  = 5 gR /18πρ             4-14 
The energy needed to generate the crater surface is there estimated as 
 
                    Esurf = 9.8051 π σ Rc 2                         4-15 
The kinetic energy inside the pool liquid is a function of the growth-rate of the cavity 
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and is calculate by Engel (1967) as 
( )23kp c cE  = R dR / /3 dtπρ                       4-16 
Which assumes that the liquid pool comes to a rest all at the same time, when dRc /dt 
= 0. Engel also estimated the kinetic energy in the ejected liquid cylinder, which she 
found to be only about a 20th of the above value for the pool. This sheet is absent in 
our low velocity impacts and is therefore left out. The dissipation energy inside the 
pool is expressed by an integral expression of the total dissipated rate 2F.  
( )22 /F q r dSµ= − ∂ ∂∫∫ i                             4-17 
where ( )( )242 4/ /c cq R r dR dt=  so that ( ) 42 2 5/ 4 ( / ) /c cq r R dR dt r∂ ∂ = −i  
Once the size of the individual terms in equation 4-10 are obtained, one can be 
integrated the equation numerically to get the evolution of Rc vs time, as Engel did in 
1967. 
For the low impact velocities in our experiments, the shape of the crater is not a 
simple hemisphere, but can evolve into much more complicated shapes, such as more 
cylindrical and “hammer shape”1 shown in Fig. 3-9, 3-12 and 3-15. We propose that 
these complicated crater shapes are produced by the dynamical interaction of the 
primary vortex ring with the crater surface. The strength of this interaction can be cast 
in terms of the pressures characteristic of the various effects. The potential energy is 
characterized by the hydrostatic pressure which closes up the crater whereas the 
influence of the vortex ring can be expressed by the pressure minima at its centre.  
These two factors depend on the impact velocity in fundamentally different ways, 
                                                        
1 Named by Lorenz Sigurdson 
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with the vortex ring being cut off when the impact velocity becomes too large, i.e. 
when the Weber number is larger than approximately 8, whereas the potential energy 
grows proportionally to the impact kinetic energy, without bounds.   
We therefore concentrate on the case for We < 8. In this situation the surface 
energies become a critical component of the energy balance. 
Rein (2002) has recently studied the energy balance for a similar situation, 
including the surface energy in the general case of low-velocity impacts, or 
coalescence, where even the surface tension of the drop and the pool liquid can be 
different. He heuristically suggested that the kinetic energy of the vortex ring was half 
of the kinetic energy in the flow inside the pool. 
The arguments presented below should be considered approximate and the exact 
values of the prefactors are here unknown, but could potentially be measured from 
detailed experiments. 
Here we estimate the maximum depth of the crater from balancing kinetic energy of 
the drop with the potential energy expressed by equation 4-12 above, i.e. 
43 21 4 / 4
2 3 cm
R U gRπρ πρ×    
giving 
 
( )1/ 43 28 / 3cmR R U g∼                              4-18 
 
Thus the hydrostatic pressure can be estimated using half this maximum crater depth 
Rcm, 
 
/ 2cmhp gRρ=                          4-19 
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The lower dynamic pressure inside the vortex rings will serve to deflect the crater, 
when the rings are close to the free surface inside the crater. The Bernoulli pressure 
inside the ring will depend on the speed which in term is determined by the 
circulation and the core size of the ring.  We can make a rough estimate of the 
circulation generated by the coalescence process, based on the arguments in Morton 
and Cresswell (1995), where we assume the surface tension drives the neck outwards, 
giving the relevant q in the equation (4-9). 
Figure 4-16 shows the coalescence motions when a drop touches and coalesces 
with a flat pool. This imaging is very similar to that done by Dooley et al. (1997) and 
was here done for a water drop on a water pool. 
The separation of the boundary layer in the neck region connects the drop liquid to 
the pool. To visualize the vortex ring, we have seeded only the pool liquid with 
Fluorescein and used the vertical Argon-Ion laser sheet which is directed upwards 
through the pool.  The camera has a band-pass filter which cuts out direct reflections 
of the laser, resulting in minimal reflections from the drop surface. The white arrows 
point to a corner in the free surface, where the vortical layer seems to separate from 
the free surface. However, keep in mind that the curved surface distorts the refracted 
light giving a wrong indication of the location of the vortex ring, showing it too far up 
inside the drop, whereas it has actually already entered the pool. Figure 4-16 shows 
that the neck has grown to about 75% of the drop radius in less than 3 ms. The drop is 
in this case about 2.5 mm in radius, so a rough estimate of the average outwards 
velocity of the neck is 1 m/s. Careful examination of the neck region shows that the 
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curvature in the neck changes as it grows, but must be significantly smaller than the 
drop radius. Thoroddsen et al. (2005) showed that this curvature is a function of the 
viscosity of the liquid, but herein the viscosity is in most cases low compared the 
viscosity of their liquids and we roughly estimate this radius of curvature r as R/20 of 
the drop radius.  Keep in mind that this will certainly depend on the shape of the 
drop as it makes the first contact with the pool, as is clear in the comparison between 
the prolate and oblate drops shown in Fig. 3-18. 
The curvature κ = 1/r = 20/R which for a D = 5 mm drops gives the strength of the 
vorticity generated as 
 
2 2 20  /R=2 20 1 1000/ 2.5 16,000 rad/sq qω κ= = × × × × =  
which corresponds to a rather significant rotation rate of 150,000 rpm.  The total 
amount of circulation generated will depend on the time the neck growth takes, i.e. the 
total vorticity which enters the boundary layer during the growth of the neck.  This 
amount can be estimated by looking at the total area of the separated boundary layer, 
which enters the pool liquid and rolls up into the vortex ring.   In the 3 ms, the 
boundary layer has grown in thickness to approximately 
                                  ( )1/ 2Tδ ν∼      
where T is the time-duration of the coalescence, i.e. here about 3 ms, which gives a 
numerical value of  ( )1/ 26 310 3 10 55 mδ µ− −= × × = . Using half the drop radius as the 
length of the separated shear layer, the area of the layer containing this vorticity 
becomes 2/ 2 0.055 2.5 / 2 0.06 mmA Rδ= = × = . The corresponding core size of the 
vortex ring therefore must be larger than Dcore ~ 300 µm, as the vortex core forms by 
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the shear layer rolling up and entraining ambient irritation fluid, which is then 
diffused by vorticity between the striations of the vortical layer.  This would give the 
total circulation of 
4 5 3 3 2/ 2 1.6 10 5.5 10 2.5 10 / 2 2.2 10  m /R sωδ − − −Γ = × × × × × = ×∼  
The circulation can also roughly be estimated from the translational velocity and 
diameter of the vortex ring, which can be measured from the video clips.  These 
results were obtained in Fig. 3-20A and 3-22A for two typical vortex patterns in case 
0, showing translational velocities in the range18-20 cm/s at the first 5 ms  after the 










 Γ= −  
           4-20 
Where RD  is the diameter of the vortex ring.  For a 5 mm ring, this formula gives a 
translational velocity of  
3 3
3 3
2.2 10 4 5 10 1log 13 cm/s




 × × ×= − = × × × 
 which 
is in surprisingly good quantitative agreement with the measurements, considering the 
very crude approximations used above to estimate ω and δ. 
 
This approximation of the circulation and core size for the vortex ring can be used to 
construct an estimate of the rotational velocity of the fluid around the vortex ring Vc, 
to obtain the Bernoulli pressure.   
 
( )/ 2 / 2 2.33 m/sc coreV DπΓ =∼  
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One should keep in mind that the free surface is further away, making the velocity and 
dynamic pressure lower than this value. We can however use this value to make a 
qualitative comparison to the magnitude of the hydrostatic pressure from equation 
4-19 
/ 2 1000 9.8 0.01/ 2 50 Pacmhp gRρ= = × × =  
 
which shows that the dynamic suction pressure from the vortex motions are much 
larger than the hydrostatic pressures which govern the rebounding of the crater in the 
absence of the vortex ring. It is therefore quite reasonable that the ring will interact 
strongly with the crater surface, as is indeed observed. Figure 4-17 shows one case, 
where the vortex ring does indeed get very close to the crater surface and entrain air 
into the vortex core, thus self-destructing.  
  The surface tension will also act against the deformation of the free surface. This 
capillary pressure depends on the surface tension coefficient and the surface curvature, 
i.e. from the Young-Laplace law 
 
                                2 /cap capp Rσ=                                     4-21 
Where Rcap is the radius of curvature of the cap which is entrained from the crater into 
the ring. This radius can be estimated from Fig. 4-16 as 0.2 mm, which translates into  
32 0.070 / 0.2 10 700 Pacapp −× × ==  
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This value is lower, but of similar order of magnitude as the Bernoulli pressure above. 
It is conceived that the shape of the crater at the low impact velocities is the balance 
between the Bernoulli pressure and capillary pressure.   
In extreme cases the distortion generated by the vortex ring can lead to a pinch-off 
of a large air bubble, encompassing almost the entire crater, as shown in Fig. 4-18 and 
4-19 for different impact conditions.  
The vortex ring can distort the crater, while the crater can interact with the vortex 
ring as well. Figs. 4-20 to 4-21 show the radius of vortex ring vs depth for 50% 
glycerine drops with different diameters impacting onto a water pool. The growth of 
the crater stretches the primary vortex ring while the closing and rebounding of the 
crater compresses the vortex ring. The stretching or compressing factor can go up to 
3.       
 
4.4.2 The crater depth 
  The above estimation of crater depth is based on high velocity impacts from Engel, 
although it is enough for our analysis. In our experiments, the velocity can be 
considered low compared with Engel’s experiments. Thus it is interesting to know the 
exact crater depth where the vortex ring is present.  
  Figure 4-22 shows the evolution of the crater depth vs time for different impact 
velocities.  The depth has been normalized by the diameter of the drops.  The 
maximum depth is only in the range 1.2 - 1.8 times the drop diameter.  The sudden 
discontinuous jump in the depth, observed in some of the curves in the figure, arises 
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when a small bubble is pinched off at the bottom of the crater, as is evident in Figs. 
3-16 and 3-21. The growth part of the curves in Fig. 4-22, i.e. for times < 20 ms 
contains two curves for each condition.  One of those curves shows the tip of the 
drop as it enters the pool liquid, whereas the other curve shows our estimate of the 
bottom of the air cavity. These second curves are observed to start at times larger than 
zero, as the air cavity only appears after the drop has moved significantly into the 
pool. 
In general terms it is clear from Fig. 4-22 that the maximum crater depth does not 
vary greatly with drop impact height, over the range we are focusing on in this thesis. 
Figure 4-23 shows how the maximum crater depth changes with the impact velocity 
for different drop compositions. This depth has been normalized by the diameter of 
the drop. These measurements were limited to impact heights from 1.4 cm to 11 cm, 
thus encompassing the impact conditions of our general study of the vortex structures 
in Chapter 3. While there is a general trend of deeper craters for higher impact 
velocity, there is a lot of deviation from this trend. Figure 4-24 provides one 
explanation for this deviation, i.e. for some impact conditions the crater pinches off at 
the top, leaving a very large bubble which is no longer connected to the free surface.  
This decouples the hydrostatic pressure from the pressure inside the bubble and the 
maximum depth looses its direct link to the potential energy stored in the crater.  It 
can therefore travel further down, as is shown by the two “stars” in Fig. 4-23.   
  Figure 4-24 also shows that the depth in this case is not indicative of the amount of 
displace fluid, as the volume is smaller than the attached craters in sections (c) and (d) 
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of that figure. For a more meaningful comparison of the fraction of the impact energy 
stored in the potential energy of the crater, one would have to integrate the 
axisymmetric shapes of the craters vs time. We have not pursued this as at the video 
images are, in many cases, not clear enough to distinguish the exact location of the 
free surface inside the glycerin of the drop. This is partly due to the large difference in 
the refractive index of the water in the pool and the glycerin mixtures. This would 
introduce significant uncertainties in the exact locations of the free surface, for the 
early stages of the impact, when the drop liquid forms a rather thick layer around the 
crater.  This would not be significant at the later stages, where the drop liquid is 
stretched over a larger area of the crater, thus forming only a thin layer. 
 
Figure 4-23 also shows that the fact that the drop is heavier than the pool, does not 
greatly affect the maximum depth. This is clear from the different curves, which are 
for different amount of MgSO4 solute added to them, while their deviations are 
overshadowed by the differences in the crater shapes. 
The large deviations in Fig. 4-23 also highlight that the crater shapes observed for 
low impact velocities are not simple hemispheres (see our Figs. 3-9, 3-15, 4-16), as 
was observed by Engel (1966, 1967) for higher impact energies.  Here the presence 
of the vortex ring modifies the crater shapes, as has been discussed in the previous 
section.  
Figure 4-25 compares the crater depth, observed in our cases, with the results of 
Engel (1967) for crater depth generated by drop impacts at a much higher impact 
energy. What is striking here is that the time needed to reach the maximum depth is 
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almost the same for our impact velocity of 1.4 m/s (H=11 cm) as for Engel’s impact 
velocity of 17.6 m/s in the 16 m vacuum tube. Even though the crater depth is much 
larger, the growth of the crater is much more rapid, due to the higher impact velocity. 
Regarding the maximum size of the Engel’s crater, we can make the following 
argument. Her drop diameter was 4.5 mm, i.e. slightly smaller than our 5.0 mm drops.   
Engel’s kinetic energy is therefore about 90 times larger than for our drop, but the 
maximum crater depth is only about 2.9 times deeper.  This is however very 
consistent with the fact that the potential energy of the crater is proportional to the 
crater depth to the fourth power, i.e. 2.94 = 71, which is of the same order of 
magnitude as 90.  This seems to give a reasonable estimate of the depth, but this very 
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CHAPTER 5 
              Isolated Phenomena 
      
  In our experiments, we find the three stable vortex patterns in a large range of the 
configurations of the drop and pool liquids. But in some cases, we also find some 
interesting phenomena which occur only in a very limited impact conditions. These 
special phenomena are presented in this section.     
 
 
5.1  Dual Primary Vortex Rings 
Figure 5-1 shows a realization where two distinct primary rings are generated by 
the neck growth during the initial contact of the drop with the pool.  This is possibly 
due to double contacts of the drop surface with the pool, during the neck growth.  
The two rings revolve almost one full circle around each other, before the larger 
second ring entrains air from the crater (second panel center column), blocking view 
of the other first ring, which is either engulfed or dissipated by its closeness to the free 
surface (top of the second column).  The 320o revolution takes about 3.3 ms, giving a 
rotation rate of about 1650 rad/s. The secondary ring visible in the last frame arises 
from the radial motion of the bottom of the crater. Figure 5-2 shows another impact 
realization where two primary rings generated and wrap around each other. The 
impact velocity is same in these cases. The first frame shows the drop in the air. It has 
a pointed bottom, which may contribute to the formation of the two primary rings.  
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The second ring is larger and appears stronger than the first ring, with the first one 
revolving around the second. They have preformed one half of a revolution in 18 
frames from frame 4 to frame 8, which corresponds to 6 ms.   The second ring pulls 
in a tongue of air from the crater in frame 9.  The primary ring survives this, but 
promotes the pinch off of the entire crater, to form a very large bubble.  The bottom 




5.2  Small Vortex Rings 
Figure 5-3 shows a small vortex ring that may form in the crater during the initial 
contact. The white arrows mark the formation of the small ring. As this small vortex 
ring is generated almost when the drop is contacted the pool liquid, where great 
optical distortion happens, it is difficult to figure out what is the exact force for the 
generation of vorticity in our videos.  Fig. 5-4 shows another example of the small 
ring generated at the initial contact between the drop and the pool at different impact 
conditions.  
Figure 5-5 shows a different conditions leading to the formation of very small 
vortex rings.  Here the crater pinches off a small bubble. The dynamics of the 
pinch-off when the air neck goes to zero generates a large pressure due to inertial 
focusing.  This high pressure produces small jets which travel up and down from the 
pinch-off point.  The jet which travels down hits the opposite side of the bubble 
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producing a small vortex ring. This jet and the vortex ring are marked by the arrows in 
the second frame of the figure. The light arrows in frames 3 and 4 show this vortex 
ring travel downwards. The dark arrows show that the large deformations of the 
bubble generate another somewhat larger vortex ring, which sits on top of the bubble.  
This second ring has the same sign as the primary ring and wants to travel down, but 




5.3  Shapes for Very Viscous Drops 
Figure 3-26 above showed the irregular shapes observed when very viscous 5 mm 
drop impacts onto the pool. We also carried out experiments for even smaller impact 
Reynolds numbers, by using very viscous and very small drops.  Figure 5-6 shows 
two such impact sequences for D=2.67 mm. The crater evolution can generate 
complicated shapes, which do look like a vortex ring, but are however largely void of 
concentrated vortices, as the viscosity is quite large for these cases and any vorticity 
quickly diffuses away from the “cores”. The intricate patterns remain axisymmetric.  
One interesting feature in the final panel is that the long tread of the heavier drop 




                                                                  94 
5.4  Marangoni Effects along the Free Surface 
Some experiments were performed for liquids with large differences in the surface 
tension between the drop and pool. This gives the possibility of Marangoni forces 
acting along the free surface, where these two liquids come into contact. Despite the 
short duration of this contact, the very large differences in the σ values can introduce 
significant effects. 
Some experiments were carried out with a 50% ethanol/water drop impacting onto 
a water surface, to investigate the effect of a difference in the surface tension of the 
two liquid masses. This leads to the rapid appearance of pronounced surface 
turbulence along the original pool surface. The rapidly changing surface disturbances 
have the appearance of ‘boiling’, but evolve at a much higher frequency.  The typical 
wavelengths are ~1 mm and oscillate randomly on sub-millisecond time-scale.  
Figure 5-7 shows these disturbances in a top-view of a 4.5 mm drop impacting at 1.1 
m/s.  The arrows show the first appearance of the disturbances, as they travel from 
the drop over the ejecta bowl and onto the outer free surface. It takes the disturbance 
about 6 ms to get over the ‘fence’, which is the correct order of magnitude for 
Marangoni disturbances to travel this distance, as discussed in Thoroddsen et al. 
(2007), where Marangoni waves are observed on the surface of a water drop 
coalescing with an ethanol drop.  More specific estimate of this travel time will now 
be given. 
The spreading of one liquid on another is relevant in a number of industrial 
processes and also in oil-spills on the ocean. Most studies have therefore dealt with 
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insoluable surfactant films, as oil on water. Much fewer studies have looked at the 
spreading of a fully miscible liquid on another liquid which has a higher value of the 
surface tension, as we have in the present situation. Early work of Ruckenstein et al. 
(1970) and Suciu et al. (1970) used a configuration, where a continuously fed 'drop' 
from a needle sitting above the surface, which differs somewhat from our drop impact, 
but should be the same during the onset of the motions. 
They measured the surface velocity from stroboscopic images of solid discs which 
were deposited onto the free surface. The relatively large size of these disks did 
however prevent very early measurements and measurements very close to the initial 
contact point.  
Recent experimental work for surfactant spreading includes that of Dussaud and 
Troian (1998) who investigated the spreading of a highly volatile liquid. They 
discovered a circular vortex which sits under the advancing edge. They attribute this 
vortex to Rayleigh-Benard instability due to evaporative cooling of the surface layer. 
However, the time resolution of their video imaging did not allow for observations of 
the very first motions. 
Santiago-Rosanne et al. (1997) have performed a similar study. They also observed 
the long-term interfacial turbulence and even found solitary waves develop on the free 
surface. Both of these studies use a single small drop deposited onto a flat liquid 
surface. In our configuration the drop hits with a significant velocity, therefore 
producing the bowl shape. 
Theory developed by Joos and Pintens (1977) produced a formula which describes 
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the motion of a two-dimensional front spreading on another liquid.  The location of 
the leading edge of the spreading surface film was found to spread with time, as 
 
( ) ( )
1/ 2 3/ 4
1/ 4
p p
tL t K σµ ρ
∆=                               5-1 
where ∆σ is the difference in surface tension between the drop and the pool liquids. 
Here K is a proportionality constant, which takes a value which varies for different 
liquids or surfactants, but is around 1 (Dussaud and Troian, 1998). We can estimate 
how long the path is from the drop over the bowl onto the outer free surface, from the 
video images.  Our estimate in frame 5 is about 5 mm. By inverting the above 
equation we obtain the relationship 







  =  ∆ 
                              5-2 
 
which gives a time of around 9 ms for the front to travel 5 mm. This is in reasonably 
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CHAPTER 6  
Conclusions 
 
In this thesis we have carried out a systematic experimental study of the vortex ring 
structure generated when a drop impacts onto the surface of a deep pool, 
concentrating on the configurations where the drop and the pool liquids are of 
different compositions. The use of different liquids has the advantage of allowing for 
clear visualization of the vortex structure produced, which we have used to our 
advantage. 
 
Two Vortex Rings:  We have discovered impact conditions where two prominent 
vortex rings are generated during the impact. The first ring, which we call the primary 
vortex ring, is formed by the well-known capillary-driven coalescence motions 
between the drop and the pool. This is the ring which has been most studied by 
previous researchers. The second ring appears later during the rebounding of the crater. 
It is also produced by tangential liquid motion past a highly curved free surface, but is 
now generated by flow out of a surface dimple at the bottom of the crater. This dimple 
is related to a wave traveling down towards the bottom of the crater and the ring 
formation is critically dependent on the exact shape of the dimple as the bottom of the 
crater rebounds. Specifically, if the dimple is concave into the crater it will generate 
this second vortex ring, whereas if it is convex sticking into the liquid, this ring is not 
generated. This strong sensitivity to the details of the crater shape limits the impact 
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conditions which produce this dual-ring configuration, which explains why these 
dual-ring structures have not been noted in previous studies of drop impacts in 
homogeneous liquids. We have mapped out the parameter region (Fig. 3-8) where this 
configuration occurs, for a range of drop diameters and impact velocities.  For 
impact velocities below this region, only one primary ring is generated (Vortex Pattern 
1), whereas for impact velocities above this region only weaker primary ring is 
produced along with the secondary ring (Vortex Pattern 3).  
 
Vortex-Crater Interactions:  Our experiments have highlighted the strong 
interactions between the primary vortex ring and surface shape of the impact crater.  
Simple order of magnitude arguments show that the Bernoulli suction pressure at the 
core of the vortex ring is much stronger than the hydrostatic pressure which drives the 
rebounding of the crater, verifying the plausibility of these dynamical interactions.   
The details of these interactions are strongly dependent on the impact conditions.  
For low impact energies the crater is small and does not interfere with the vortex ring 
as it travels into the pool, quickly overtaking the crater.  For intermediate impact 
energies the crater forms along-side the primary vortex ring. This produces a local 
deformation of the free surface by the low pressure inside the vortex ring. This 
frequently forms a sharp corner in the free surface, where an opposite sign vortex 
layer is generated.  The flow due to the primary vortex is therefore directly 
responsible for this counter-rotating vortex ring (Fig 4-13). This counter-ring is much 
weaker than the primary ring and is rapidly advected around the primary vortex (Figs. 
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3-9, 3-15, 4-15) in a counterclockwise direction.  During this rotation, the 
counter-ring often develops azimuthal undulations and usually looses its coherence, 
being left behind like the pedals described by Peck and Sigurdson (1994).   
We also attribute some azimuthal undulations to the rapid compression of the 
higher viscosity liquid sheets produced by kinematic deformations of the drop liquid.  
These compressions are produced by the closing and rebounding of the crater. 
 
Entrapment of air tongues:  The strength of the primary ring is determined in 
complicated ways by the bottom shape of the drop and the impact Weber number, 
through a competition between the impact velocity of the drop and the capillary 
velocity opening up the neck, which connects the drop to the pool. For certain 
conditions, the primary ring is so strong that it entrains a sheet of air from the crater 
(Fig. 4-17).  This destroys or at least greatly weakens the primary vortex ring. We 
therefore believe that this interaction with the free surface limits the strongest vortex 
ring which can be produced by an impacting drop and propagate into the bottom pool.  
This mechanism is therefore of importance to the penetration depth of the vortex ring 
into the pool, of relevance to amount of transfer from the surface layer into the bulk of 
the pool.   
This very strong air entrapment by the primary ring sometimes imparts enough 
radial velocity to the crater above the vortex, that the crater closes up to engulf a very 
large bubble (Figs. 4-18, 4-19) which subsequently rises to the surface and pops.  
This occurs only for very specific conditions which are difficult to categorize, 
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occurring for viscosities as high as 70% (Fig. 4-18). 
 
Differences in Liquid Properties:  The significance of the higher viscosity and 
density of the drop, used in most of the experiments, was investigated by combining 
liquid mixtures in such a way to observe the effects of a reduction or an increase in 
this difference between the drop and the pool.  While the details change with 
differences in these properties, the qualitative structures are the same, indicating that 
for our primary range of impact conditions, are not qualitatively affected by the 
difference in liquid properties.  In other words, we argue that neither the higher 
viscosity of the drop nor the baroclinic generation of vorticity is significant during the 
main part of the crater growth and rebounding. For our dual-vortex ring case, the drop 
consists of 50% glycerin, having viscosity 7 times that of the water in the pool and a 
density 1.14 times that of water. The additional viscosity is observed to stabilize some 
of the flow structures. Using MgSO4 salt to match the densities of the drop and the 
pool, changes some details but not the overall qualitative picture. On the other hand, 
by increasing the viscosity of the drop further, we can eliminate the primary vortex 
ring.  While the simple kinematics of the crater motion can stretch and compress the 
drop liquid to generate complex shapes (Fig. 3-27), these structures are devoid of 
concentrated vortex rings and almost stationary, advecting only slowly by their 
negative buoyancy. 
 
Bubble Entrapment:  For very viscous drops we have discovered a robust 
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phenomenon, where a bubble is entrapped at the top of the drop.  This bubble is 
enclosed when the pool liquid closes up along the top surface of the drop.  The high 
viscosity of the drop slows down the convergent motions of the pool liquid, especially 
with the presence of the temporary contact line, where the water travels along the 
glycerin/water drop. 
Other interesting isolated phenomena are reported in passing, such as 
Marangoni-driven turbulent motions on the free surface and small vortex rings 
generated by bubble pinch-off, these were not the focus of this thesis and will require 
future study. 
Possible future experiments to continue this work, would be to look at a wider 
range of drop sizes. This will however represent some experimental challenges.To 
generate even smaller drops one will need nozzles only a few microns in diameter.  
This can be achieved by pulling glass tubes into very thin nozzles. On the other hand 
larger drops are greatly deformed by capillary oscillations and by the air resistance. 
This can be minimized by performing the experiments under partial vacuum 
conditions, which will also highlight the importance of air pressure inside the crater, 
during its evolution. 
Furthermore, changing the surface tension of the drop over a wider range would be 
of interest, because the surface tension is very important for generating the primary 
ring. Significantly reducing the surface tension, should therefore disrupt the ring 
formation. 
Matching the refractive index of the drop and the pool liquids might allow one to 
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use Particle Image Velocimetry to measure directly the vorticity structure inside the 
primary and secondary rings. Our cursory attempts at such index matching were not 
successful for the drop liquid used herein. 
 
In conclusion we note that the present experimental problem has a vast parameter 
space, of which we have only scratched the surface. However, we believe that the 
nature of the primary dynamical interactions occurring during such impacts have been 
identified, giving new insights into the general interaction of vortex structures with 
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FIGURES                           
      
Fig. 1-1: Normal impact of a drop into a liquid: coalescence. Different forms of the 
formation and propagation of a vortex ring (modified from Thompson and Newall, 
1885). 
                    
Fig. 1-2 : d-H plot showing first optimum height for: (a) Freon 113, (b) Freon 114-B2, 
(c) methyl alcohol, (d) benzylamine, and (e) butyl alcohol, using hemispherical tip 
(based on Chapman and Critchlow, 1967). 
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Fig. 1-3: The oscillation of the drop during the falling (based on Rein, 1993). 
 
 
         
 
Fig. 1-4: Comparison of vortex ring evolution between a prolate-shaped on impact 
(series A) and an oblate-shaped drop (series B) (based on Rodriguez and Mesler, 
1988).  
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Fig. 1-5: Similarity between the mushroom cloud produced in a nuclear test and a 
water drop-induced vortex ring (left photo is inverted, taken by Peck and Sigurdson, 
1994). 
        
Fig. 1-6: Two steps in the coalescence cascade for a water drop on a water layer. (with 
permission from Thoroddsen and Takehara, 2000). 
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Fig. 1-7: The splash of a water drop that impacts on water surface (D =3.12 mm, 
U=3.47 m/s). Different stages of splashing are shown: ejection of a liquid film, 




Fig. 1-8: Transition from coalescence to splashing (modified from Rein, 1996). 
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Fig. 1-9: A spherical drop (left) before contact, (center) during and (right ) after 




Fig. 1-10: Evolution of the shape during the coalescence of two drops. The times 
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Fig. 1-11: A schematic diagram of the streamline pattern after the drop has contacted 
the receiving surface but before any separation has occurred (based on Cresswell and 
Morton , 1995). 
 
 
Fig. 1-12: Sketch of the postulated boundary shapes for the two cases of sub-critical 
(left) and supercritical Weber number (right). The shaded area represents a section of 
the drop-surface system ( based on  Cresswell and Morton , 1995). 
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Fig. 2-3: A photograph of triggering system. 
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Fig. 2-4: Viewing position. The mirror was mounted at 450 degree to capture the axial 
photographs. This set-up is similar to Peck and Sigurdson’s (1994) system for the 
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Fig. 3-2: The impact velocity of 3.45 mm drop for three types of glycerin  solution 
and 13.1% MgSO4-water solution. 
 





























Fig. 3-3: The impact velocity of 5.01 mm drop for three types of glycerin  solution 





Fig. 3-4: The three distinct vortex patterns, from left to right: a single vortex ring, 
multiple rings, a secondary ring, D=5.0 mm. The scale bar is 5 mm. 
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Fig. 3-5: The three distinct vortex patterns, from left to right: a single vortex ring, 
multiple rings, a secondary ring, D=4.12 mm. The scale bar is 5 mm. 
 
 
Fig. 3-6: The three distinct vortex patterns, from left to right: a single vortex ring, 
multiple rings, a secondary ring, D=3.45 mm. The scale bar is 5 mm. 
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Fig. 3-7A: The Formation of a vortex ring. Drop composition:  50% gl sol with 
viscosity 7.55 cP and density 1.137g/cm3; Pool: distilled water.  Impact conditions: 
We=6.1, Fr=3.5, Re=466, D=4.3 mm, U=0.71 m/s. The sequence shows the following 
times: 4.1, 7.1, 12.1, 18.1, 23.1, 27.1, 31.1, 37.1, 68.1 ms after the first contact. The 
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Fig. 3-7B: The Formation of a vortex ring. Drop composition:  50% gl sol with 
viscosity 7.55 cP and density 1.137g/cm3; Pool: distilled water. Impact conditions: 
We=6.3, Fr=3.2, Re=422, D=5.01 mm, U=0.70 m/s. The time after the first contact is 



































Fig. 3-8:  The plot of multiple vortex rings region. The data points indicate the region where double rings exist.  




Fig. 3-9: Formation of multiple vortex rings. Drop composition: 50% gl sol by with 
viscosity 7.55 cP and density 1.137g/cm3; Pool: distilled water.  Impact conditions: 
We=7.5, Fr=3.7, Re=626, D=5.01 mm,U=0.83 m/s. The sequence shows the 
following times: 5.3, 10.3, 15.3, 20.3, 25.3, 30.3, 40.3, 48.3, 56.3 ms after the first 
contact. The scale bar is 5 mm. 
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Fig. 3-10: Formation of a thin jet. 20.3, 22.3, 23.3, 23.8, 24.8, 25.8 ms after the first contact. The arrows in frame 4 and 5 
point the initial formation of the thin jet. From the same video as Fig. 3-9. 
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Fig. 3-11: The top view of the jet formation. The sequence shows the following times: 0.2, 7, 20, 26, 27 ms after the initial contact. The 
scale bar is 5 mm. Same impact conditions as Fig.3-9. 




















Fig. 3-12: Vortex ring structure Panel 1-4: (1) Side view of impinging drop, t=6.3 ms.  
(2) Side view of vortex structure, t=9.8 ms. (3) Side view of vortex structure, t=12.3 
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Fig. 3-12: Vortex ring structure Panel 5-8. (5) Side view of vortex structure, t=18.3 ms.  
(6) Side view of vortex structure, t=21.3 ms. (7) Side view of vortex structure, t=27.3 
ms. (8) Side view of vortex structure, t=31.8 ms. Same impact condition as Fig. 3-9. 
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Fig. 3-12: Vortex ring structure Panel 9 Side view of vortex structure, t=40.3 ms. The 
arrow indicates the free surface.  Same impact condition as Fig. 3-9. 
 
               
Fig. 3-13: Side and top view of the vortex structure. Left: 21.3 ms  Right: 27.3 ms.
                                                                                                                                                                                                                                                                                              132                         
 
Fig. 3-14: The characteristics of vortex ring at longer period. 
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Fig. 3-15: Formation of multiple vortex rings. Drop composition: 50% gl sol with viscosity 7.55 cP and density 1.137g/cm3; Pool: 
distilled water. Impact conditions: We=9.4, Fr=4.65, Re= 777, D=5.01 mm, U=0.98 m/s. The sequence shows the following times: 1.8, 
3.3, 5.4, 8.4, 10.4, 13, 15.5, 20, 25, 30, 33, 36, 45, 55, 63 ms after the first contact. The scale bar is 5 mm. 
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Fig. 3-16: Formation of a small secondary ring. Drop composition: 50% gl sol with 
viscosity 7.55 cP and density 1.137g/cm3; Pool: distilled water. Impact conditions: 
We=10.2, Fr=5.1, Re=858, D=5.01 mm, U=1.12 m/s. The sequence shows the 
following times: 4.2, 12.2, 17.2, 25.2, 31.7, 32, 36, 43, 61 ms after the first contact. 
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Fig. 3-17: A plot showing the ranges of drop diameter D and impact velocity  U  for various vortex patterns for 50% gl sol in drop fluid.    
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Fig. 3-18: The typical deformation of the drop during a free fall (Top: oblate; middle: 
spherical; bottom: prolate). Here the drop size is 5.01 mm and the concentration is 
50% gl sol.  
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Fig. 3-19: Formation of a vortex ring for low viscosity ratio with intermediate density 
ratio case.  Drop composition:  mixture of 13.1% MgSO4 and 86.9% water by mass 
with viscosity 2.17 cP and density 1.136g/cm3; Pool: distilled water. Impact 
conditions: λ=2.16, γ=1.14, We=6.2, Fr=3.1, Re=1832, D=5.04 mm, U=0.7 m/s. The 
sequence shows the following times: 4.1, 9.1, 13.1, 17.1, 21.1, 27.1, 33.1, 41.1, 51.1 
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Fig. 3-20: Formation of a vortex ring for high viscosity ratio with intermediate density 
ratio case. Drop composition: 61% gl sol with viscosity 16.2 cP and density 1.16g/cm3; 
Pool: distilled water. Impact conditions: λ=16.1, γ=1.16, We=5.9, Fr=3.5, Re=206, 
D=4.12 mm, U=0.7 m/s. The sequence shows the following times: 4.2, 9.2, 13.2, 18.2, 


















Fig. 3-20A: Depth of vortex ring versus time in Figs. 3-7A, 3-19, 3-20. 
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Fig. 3-21: Formation of multiple vortex rings for low viscosity ratio with intermediate 
density ratio case. Drop composition:  mixture of 13.1% MgSO4 and 86.9% water by 
mass with viscosity 2.17 cP and density 1.136g/cm3; Pool: distilled water. Impact 
conditions: λ=2.16, γ=1.14, We=7.3, Fr=3.7, Re= 2172, D=5.04 mm, U=0.83 m/s. The 
sequence shows the following times: 4.2, 9.2, 14.2, 18.2, 22.2, 26.2, 34.2, 41.2, 47.2 
ms after the first contact. The scale bar is 5 mm. 




Fig. 3-22: Formation of multiple vortex rings for high viscosity ratio with 
intermediate density ratio case. Drop composition: 61% gl sol with viscosity 16.2 cP 
and density 1.16g/cm3; Pool: distilled water. Impact conditions: λ=16.1, γ=1.16, 
We=8.1, Fr=3.9, Re=311, D=5.0 mm, U=0.87 m/s. The sequence shows the following 
times: 4.1, 8.1, 13.1, 18.1, 23.1, 24.6, 27.1, 34.1, 49.1 ms after the first contact. The 
white arrow shows the thin high jet whose initial tip velocity is 5 times of the impact 
velocity.  The black arrow shows the bubble formed due to crater collapse. The scale 




















                                                                                                                                                                               143 
 
Fig. 3- 23: Formation of a small vortex ring for low viscosity ratio with intermediate 
density ratio case. Drop composition:  mixture of 13.1% MgSO4 and 86.9% water by 
mass with viscosity 2.17 cP and density 1.136g/cm3; Pool: distilled water.  Impact 
conditions: λ=2.16, γ=1.14, We=10.3, Fr=5.0, Re=2932, D=5.04 mm, U=1.12 m/s. 
The sequence shows the following times: 5.2, 9.2, 14.2, 20.2, 25.2, 31.2, 35.2, 46.2 
66.2 ms after the first contact.  
 
 











Fig. 3-23A: Close view of the formation of the secondary ring. The time between each 
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Fig. 3-24: Formation of a vortex ring for high viscosity ratio with intermediate density 
ratio case. Drop composition: 61% gl sol with viscosity 16.2 cP and density 1.16g/cm3; 
Pool: distilled water.  Impact conditions: λ=16.1, γ=1.16, We=11.1, Fr=6.6, Re= 389, 
D=4.12 mm, U=1.32 m/s. The sequence shows the following times: 4.2, 9.2, 14.2, 
17.2, 22.2, 27.2, 37.2, 52.2, 72.2 ms after the first contact. The shift between the top 
and bottom part is due to the misalignment of the camera arrangement. The scale bar 
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Fig. 3-25: Impact of a 70% glycerin drop with viscosity of 25.4 cp and density 1.183 
g/cm3 onto a water pool. Impact conditions: D=5.0 mm, Starting at top row, U =0.43, 
0.78, 0.90, 1.0, 1.12, 1.2, 1.3 m/s. Satellite drop is visible in the center column. 
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Fig. 3-26: Impact of a 80% glycerin drop with viscosity of 52.9 cp and density 1.209 
g/cm3 onto a water pool. Impact conditions: D=5.0 mm, Starting at top row, U =0.69, 
0.8, 0.95, 1.01, 1.18, 1.38 m/s. Satellite drop is visible in the center column. Note that 
the drop shapes in the air are identical for all the release heights, as the much higher 
viscosity quickly dissipates the drop oscillation energy. 
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Fig. 3-27: Impact of a 95% glycerin drop with viscosity of 403 cp and density 1.248 
g/cm3 onto a water pool.  Impact conditions: D=5.0 mm, Starting at top row, U =0.7, 
1.08, 1.2 m/s. Satellite drop is visible in some frames. The bubble on the surface in the 




 Fig. 3-27A:  This row shows close-up of the bubble entrapment from the top case.  
The first 6 frames are separated by 0.33 ms. 
 
 
           
 




Fig. 3-28: Formation of a vortex ring for low density ratio with intermediate viscosity 
ratio case. Drop composition: 50% gl sol with viscosity 7.55 cP and density 
1.137g/cm3. Pool: mixture of 12.4% MgSO4 and 87.6% water by mass with viscosity 
2.07 cp, and density 1.130 g/cm3. Impact conditions: λ=3.78, γ=1.006, We=7.5, 
Fr=3.7, Re=626, D=5.01 mm, U=0.83 m/s. The sequence shows the following times: 
4.1, 10.1, 15.1, 23.1, 28.1, 33.1, 43.1, 55.1, 75.1 ms after the first contact. The scale 
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Fig. 3-29: Formation of a vortex ring for high density ratio with intermediate viscosity ratio case. Drop composition: mixture of 26% 
MgSO4 and 74% water by with viscosity 5.62 cP and density 1.3g/cm3; Pool: distilled water. Impact conditions: λ=5.60, γ=1.34, 
We=3.6, Fr=1.9, Re=486, D=5.0 mm, U=0.42 m/s. The sequence shows the following times: 5.2, 10.2, 17.8, 25.8, 33.8, 42.8, 54.8, 
74.8 ms after the first contact. The scale bar is 5 mm. 
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Fig. 3-30: Formation of multiple vortex rings for low density ratio with intermediate 
viscosity ratio case. Drop composition: 50% gl sol by with viscosity 7.55 cP and 
density 1.137g/cm3. Pool: mixture of 12.4% MgSO4 and 87.6% water by mass with 
viscosity 2.07 cp and density 1.130 g/cm3. Impact conditions: λ=3.78, γ=1.006, 
We=8.5, Fr=100, Re=709, D=5.01 mm, U=0.94 m/s. The sequence shows the 
following times: 5.2, 9.2, 14.2, 20.2, 27, 32, 39, 50, 62 ms after the first contact. The 
scale bar is 5 mm. 
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Fig. 3-31: Formation of multiple vortex rings for high density ratio with intermediate 
viscosity ratio case.Drop composition:  mixture of 26% MgSO4 and 74% water by 
with viscosity 5.62 cP and density 1.3g/cm3; Pool: distilled water. Impact conditions: 
Impact conditions: λ=5.60, γ=1.34, We=8.2, Fr=8.3, Re=1076, D=5.0 mm, U=0.93 
m/s. The sequence shows the following times: 6.3, 10.3, 15.3, 20.3, 30.3, 38.3, 50.3, 
67.3 ms after the first contact. The scale bar is 5 mm. 











Fig. 3-31A:  Production of azimuthal undulations by the impact of a heavy drop. The 
sequence shows: 6.3, 11.3, 40.3 ms from the first contact. 
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Fig. 3-32: Formation of a secondary ring for low density ratio with intermediate 
viscosity ratio case. Drop composition: 50% gl sol by with viscosity 7.55 cP and 
density 1.137g/cm3. Pool: mixture of 12.4% MgSO4 and 87.6% water by mass with 
viscosity 2.07 cp, surface tension 71.5dyn/cm and density 1.130 g/cm3. Impact 
conditions: λ=3.78, γ=1.006, We=10.5, Fr=128, Re= 898, D=5,01 mm, U=1.19 m/s. 
The sequence shows the following times: 4.2, 9.2, 16.2, 23.2, 31.2, 37.2, 51.2, 65.2, 
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Fig. 3-33: Impact of a heavy drop to the pool for high density ratio with intermediate 
viscosity ratio case. Drop composition:  mixture of 26% MgSO4 and 74% water by 
with viscosity 5.62 cP and density 1.3g/cm3; Pool: distilled water. Impact conditions: 
Impact conditions: λ=3.78, γ=1.006, We=10.5, Fr=10.7, Re=1399, D=5.0 mm, 
U=1.21 m/s. The sequence shows the following times: 4.3, 9.3, 19.3, 25.3, 31.3, 36.3, 
46.3, 61.3 , 81.3ms after the first contact. The scale bar is 5 mm. 




Fig. 3-34: Formation of the vortex ring in the ethanol solution pool. Drop composition: 
40% gl sol with viscosity 5.05 cP and density 1.104g/cm3. Pool: mixture of 20% 
ethanol and 80% water by volume with viscosity 1.38 cp , surface tension 42.6 
dyn/cm and density 0.96 g/cm3 .Impact conditions: λ=3.26, γ=1.15, We=4.8, Fr=2.5, 
D=4.9 mm, U=0.55 m/s. The sequence shows the following times: 4.2, 9.2, 14.2, 21, 
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Fig. 3-35: Formation of multiple vortex rings in the ethanol solution pool. Drop 
composition: 40% gl sol with viscosity 5.05 cP and density 1.104g/cm3. Pool: 
mixture of 20% ethanol and 80% water by volume with viscosity 1.38 cp , surface 
tension 42.6 dyn/cm and density 0.96 g/cm3 .Impact conditions: λ=3.66, γ=1.15, 
We=6.2, Fr=3.2, D=4.9 mm, U=0.7 m/s. The sequence shows the following times: 4, 
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Fig. 3-36: The evolution of the drop impacting onto the ethanol pool at a higher 
velocity. Drop composition: 40% gl sol with viscosity 5.05 cP and density 1.104g/cm3. 
Pool: mixture of 20% ethanol and 80% water by volume with viscosity 1.38 cp , 
surface tension 42.6 dyn/cm and density 0.96 g/cm3 .Impact conditions: λ=3.66, 
γ=1.15, We=8.7, Fr=4.5, D=4.9 mm, U=0.98 m/s. The sequence shows the following 
times: 4.2, 8.2, 13.2, 19, 27, 34, 42, 55, 71 ms after the first contact. The scale bar is 5 
mm. 
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Fig. 3-37: Formation of a vortex ring with surfactant spreading the pool. Drop 
composition: 50% gl sol with viscosity 7.55 cP and density 1.137g/cm3. Pool: distilled 
water with surfactant Triton X-100 concentration of 0.5 mg/L , surface tension 59.2 
dyn/cm and density 0.996 g/cm3 .Impact conditions: We=6.5, Fr=3.2 D=5.01 mm, 
U=0.71 m/s. The sequence shows the following times: 4.1, 8.1, 13.1, 18, 24, 30, 37, 
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Fig. 3-38: Formation of a vortex ring with surfactant spreading the pool. Drop 
composition: 50% gl sol with viscosity 7.55 cP and density 1.137g/cm3. Pool: distilled 
water with surfactant Triton X-100 concentration of 2 mg/L , surface tension 45.7 
dyn/cm and density 0.996 g/cm3 .Impact conditions: We=6.5, Fr=3.2, D=5.01 mm, 
U=0.71 m/s. The sequence shows the following times: 5.1, 9.1, 15.1, 22, 27, 33, 43, 
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Fig. 3-39: Formation of multiple rings with surfactant spreading the pool.  Drop 
composition: 50% gl sol with viscosity 7.55 cP and density 1.137g/cm3. Pool: distilled 
water with surfactant Triton X-100 concentration of 0.5 mg/L , surface tension 59.3 
dyn/cm and density 0.996 g/cm3 .Impact conditions: We=7.0, Fr=4.2, D=5.01 mm, 
U=0.92 m/s. The sequence shows the following times: 5.1, 9.1, 13.1, 19, 27, 34, 44, 
54, 64 ms after the first contact. The scale bar is 5 mm. The arrows mark the vorticity 
that rolls up to form the small ring. 
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Fig. 3-40: Formation of multiple rings with surfactant spreading the pool. Drop 
composition: 50% gl sol with viscosity 7.55 cP and density 1.137g/cm3. Pool: distilled 
water with surfactant Triton X-100 concentration of 2 mg/L , surface tension 45.7 
dyn/cm and density 0.996 g/cm3 .Impact conditions: We=8.0, Fr=4.0, D=5.01 mm, 
U=0.88 m/s. The sequence shows the following times: 4.2, 8.2, 13.2, 19, 26, 32, 42, 
49, 61 ms after the first contact. The scale bar is 5 mm. The arrows mark the vorticity 
that forms the small ring. 
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Fig. 4-2: Neck shape for different viscosities. The neck diameters are 560 µm. The 
viscosity increase from the bottom image up and has the values of (1.00, 2.17, 7.15, 
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Fig. 4-5: The sketch of the surface geometry during the initial drop impact with 
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Fig. 4-6: Formation of the secondary ring at the bottom of the crater. Drop composition: 40% gl sol with viscosity 5.05 cP and density 
1.107g/cm3; Pool: distilled water. Impact conditions: We=8.8, Fr=7.6, D=3.45 mm, U=1.39 m/s. The sequence begins 19 ms after the 
initial contact between the drop and the surface. The time difference between each frame is 0.5 ms. The white arrows on the 2nd and 3rd 
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Fig. 4-7: Formation of the secondary ring. Drop composition: 50% gl sol with 
viscosity 7.55 cP and density 1.137g/cm3; Pool: distilled water. Impact conditions: 
λ=7.52, γ=1.14 We=9.3, Fr=4.7, D=5.01 mm, U=1.04 m/s. The sequence shows the 
following times: 24, 25, 25.5, 26, 26.5, 27, 28, 29, 30, 32, 34, 36, 39, 42, 44, 47 ms 
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Fig. 4-8: Formation of the secondary ring at the bottom of the crater. Drop composition: 50% gl sol with viscosity 7.55 cP and 
density 1.137g/cm3; Pool: distilled water. Impact conditions: We=7.5, Fr=3.7, Re=626, D=5.01 mm, U=0.83 m/s. The sequence 
begins 6.5 ms after the initial contact between the drop and the surface. The time difference between each frame is 0.67 ms. 








Fig. 4-10: Formation of the secondary ring due to baroclinic force. 
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Fig. 4-11: Example of formation of the secondary ring. Drop composition: 70% gl sol 
with viscosity 25.4cP and density 1.183g/cm3. Impact conditions: We=10.4, Fr=5.1, 
Re=220, D=5 mm, U=1.12 m/s. 
 
Fig. 4-12: Formation of the small ring for the same liquid impact. 
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Fig. 4-13: A typical formation of necklace appearing in vortex pattern 2. The sequence 
begins 7 ms after the initial contact between the drop and the surface. The time 
difference between each frame is 0.5 ms. The outline of the crater is highlighted in the 
first 6 frames indicating the highly curvature during the growth process. 
 

























Fig. 4-15: The origin of the azimuthal instability. Drop composition: 55% gl sol 
with viscosity 12.1 cP and density 1.146 g/cm3; Pool: distilled water.  Impact 
conditions:  D=5.0 mm, U=0.8 m/s.  The sequence shows the time 5.1, 9.1, 9.8, 
13.1, 14.8, 18.8, 20.1, 24.8, 29.8, 35, 39.5, 50, 57, 68 ms after first contact.  The 





















Fig. 4-16: The generation of a vortex ring by a pendent drop which comes into contact 
with a pool of the same liquid (both water).  The images are taken at 4500 fps, with 



























Fig. 4-17: Example of a strong entraining air from the crater and thus self-
destructing. Drop composition: 10% gl sol with viscosity 1.71 cP and density 
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Fig. 4-18: 1st example of a pinch-off a large bubble. Drop composition: 70% gl sol 
with viscosity 25.4 cP and density 1.183 g/cm3; Pool: distilled water. Impact 
conditions: D=5.0 mm, U=0.91 m/s. 
 
Fig. 4-19: 2nd example of a pinch-off a large bubble.Drop composition: 6% MgSO4 
with viscosity 1.3 cP and density 1.062 g/cm3; Pool: distilled water. Impact conditions: 
D=5.0 mm, U=0.92 m/s.  




Fig. 4-20: Vortex ring radius vs depth for a 50% glycerin drop. Top: D=2.67 mm, 
Bottom: D=3.45 mm.∆: secondary ring. In each plot, impact velocity: 
black red blue green magenta cyanU U U U U U< < < < < . The subscript represents the color of the 
curve. 
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Fig. 4-21: Vortex ring radius vs depth for a 50% glycerin drop. Top: D=4.3mm, 
Bottom: D=5.01 mm. □: primary ring ∆: secondary ring. In each plot, impact velocity: 
black red blue greenU U U U< < < . The subscript represents the color of the curve. 






















Fig. 4-22: The crater depth vs time for typical impact conditions studied in this thesis.   
( □ ) 26% MgSO4 drop, D=5.0 mm, U=0.82 m/s;  ( * )  50% gl sol. drop, D=5.0 mm, 
U=0.71 m/s;  ( ∆ )  50% gl sol drop, D=5.0 mm, U= 0.83 m/s ; ( ○ )  50% gl sol drop, 
D=5.0 mm, U= 0.98 m/s;  ( ♦ )  50% gl sol drop, D=4.3 mm, U=1.3 m/s;  (+)  50% gl 
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Fig. 4-23: Maximum crater depth vs drop impact velocity for three different 
drop.compositions: ( ● )  50% Glycerin; ( □ )  26% MgSO4 solution; ( ∆ )  6% MgSO4  
solution.  The stars correspond to cases where the entire crater is pinched off to form a 
large bubble, as is shown in Fig. 4-24. 
 
 
Fig. 4-24: Maximum crater shapes for different impact velocity and composition for 
D=5.0 mm impacting onto a water pool.   Images in (a-c) are for 6% MgSO4 drop and 
(d) is for a 50% Glycerin drop.  (a) U=0.86 m/s; (b) H =0.9 m/s; (c) H=1.31 m/s; (d) 
H = 1.4 m/s.  The scale bar is 5 mm. 
 
























Fig. 4-25:  Comparison of the crater depth vs time for our data in Fig.  4-22, with the 




















Fig. 5-1: The generation of a double primary ring. Drop composition: 10% gl so with 
viscosity 1.71 cP and density 1.026 g/cm3; Pool: distilled water. Impact conditions: 
D=5 mm, U=0.86 m/s. The sequence shows the following times: 0.75, 2.3, 4.4, 5, 5.6, 
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Fig. 5-2: The generation of a double primary ring with impact shape. Drop 
composition:  6% MgSO4 with viscosity 1.3 cP and density 1.062 g/cm3; Pool: 
distilled water. Impact conditions:  D=5 mm, U=0.87 m/s.  Frames are shown at -1.7, 
1.3, 3, 4.7, 6, 7.5, 8, 10.7, 12, 14.7, 18.7, 22.5, 25.5, 30.7, 38.7, 62, 77 ms after the 
first contact.  The bottom smutch is due to a tape on the outside of the tank. 
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Fig. 5-3: The generation of a small ring at the initial contact. Drop composition: 10.5% gl sol with viscosity 1.96 cP and density 1.105 
g/cm3; pool: distilled water. Impact conditions:  D=5.0 mm, U=0.9 m/s. The sequence shows the following times: 7.7, 10.7, 11, 13, 16, 20, 
24, 27 ms after the first contact.   
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Fig. 5-4: 2nd example of the generation of a small ring at the initial contact. Drop 
composition: 30% gl so with viscosity  3.68 cP and density 1.078 g/cm3; pool: 20% 
ethanol with viscosity 1.38 cP, density 0.955 g/cm3 and surface tension 42.1 dynes/cm. 
Impact conditions: D=5 mm, U=1.02 m/s. The sequence shows the following times: 
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Fig. 5-5: The generation of small vortex rings by the pinch-off of the bubble at the 






Fig. 5-6: Structures observed for low Reynolds number impacts, for D = 2.67 mm and 





















Fig. 5-7: Surface turbulence following the impact of a 50% ethanol/water drop onto a 
water surface.  Times shown are -0.25, 1.75, 2.75, 3.75, 6.5 and 16.2 ms after first 
contact. The drop diameter is 4.5 mm and impacts at 1.1 m/s. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
